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Abstract 
 
In the railway industry, and premium luxury and super sports sectors of the automotive industry, 
traditional cast iron brake discs are gradually being replaced with advanced composites such as carbon 
fibre reinforced carbon silicon carbide (Cf/C-SiC). These materials offer the ability to operate at higher 
temperatures, whilst displaying improved friction performance, and vastly reduced wear rates. Their 
primary benefit comes from being approximately one third of the density of the incumbent material used 
in the industry, grey cast iron (GCI), a cast iron with a high proportion of graphite flakes formed during 
solidification. This reduced density means that brake discs manufactured from Cf/C-SiC materials are a 
highly suitable proposition for a future automotive market, where weight saving in an attempt to meet 
ever restrictive CO2 emissions is a must. 
The understanding surrounding the friction mechanisms involved with these new materials has been 
lacking, until recently, with the majority of the international research focused on the manufacturing 
methods. Research has shown that friction performance, particularly bedding friction, is highly dependent 
on the successful formation of a friction transfer film (FTF) at the surface of any disc, comprised from 
wear debris from both the disc and pad. Prior research carried out at Loughborough University has 
identified that Cf/C-SiC materials do not readily form such a layer, as might be seen on a GCI equivalent, 
due to the intrinsically heterogeneous nature of the composite material.  
The prior research identified that there are three types of formation specific to Cf/C-SiC materials; Type I 
where any transferred materials develop a stable relationship with the matrix and itself, Type II where any 
transferred materials cannot develop a stable relationship with the matrix or itself, and Type III where any 
transferred materials develop a stable relationship with the matrix but the longevity of which is dependent 
upon the level of compaction achieved. From this, Type I is the most desirable, and is only observed in 
small quantities, with the less desirable Types II and III dominating the formation mechanisms on Cf/C-
SiC. The research showed that stable FTF only forms in small pockets at the friction surface, primarily on 
or around the silicon regions and is reliant on brazing between the silicon in the disc and copper in the 
pad, for stability. Other FTF deposits can and do build in other regions, but have been observed to be 
generally unstable, predominantly due to these other regions not being able to form chemical bonds with 
the wear debris. As such, any FTF which can deposit would not be stable. Following this it is clear that 
the bedding-in and subsequent friction performance of Cf/C-SiC materials doesn’t currently match the 
expectations set out from industry experience with GCI equivalents. 
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In order to improve the friction performance of a Cf/C-SiC brake disc, from the initial bedding-in stage, 
this research has been conducted to identify and trial methods designed to improve the stability of any 
FTF formation at the friction surface. The research conducted utilised a novel application for a low-
temperature cured ceramic material, applied as a surface coating to the disc. Many different formulations 
were tested with additives used to enhance the overall longevity of the disc, the coating, and any friction 
performance by controlling the FTF formation.  Of these, three successful candidate coatings were put 
forward for testing by industrial partners on full scale testing equipment to industry standard test 
schedules, with core samples removed from the friction surfaces at key phases throughout the tests, for 
microstructural analysis and characterisation at LU. The results from this unique testing capability, in 
conjunction with the characterisation of the friction surfaces, are presented with discussion focused on 
any potential observed interactions between the coatings, the substrate disc material, and any forming or 
formed FTF, and any such correlations which can be observed with friction performance.  
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1. Introduction and Literature Review 
 
This chapter will include a brief introduction to the fundamentals of the braking process, as used in 
consumer automotive vehicles. The major focus is on the material understanding from traditionally used 
materials to the current alternatives and the state of the art (Cf/C-SiC). There will also be a brief section 
on the opposing side of the friction couple, the friction material more commonly referred to as the pad or 
shoe (depending on brake type), discussing the formulations and the impact these may have on any 
subsequent friction performance. 
The final part of this section focuses on the understanding of the friction layer, or the Friction Transfer 
Film (FTF) formation at the surface of the disc. The formation of this layer is understood to be 
fundamental to the subsequent performance of the friction couple. Following this is a review of potential 
technologies which can be used to solve the issues identified in the literature, with a short summary of the 
research aims. 
The following chapter, Chapter 2, outlines the experimental methodology followed throughout this 
research, and presents highlights of the coating development work from concept through to the selection 
of the three coating candidates. Chapter 3 is the first of four results chapters, and discusses the results 
from dynamometer friction testing of the standard Cf/C-SiC material on two industrial friction 
dynamometer testing facilities (described further in 2.4). Alongside this data, micrographs of the friction 
surface are examined for any potential correlation with changing friction performance under the different 
test sections. This chapter acts as a baseline dataset, from which to compare the performance of any 
coated discs. Chapters 4, 5, and 6 follow the same format, presenting the test data and micrographs of the 
friction surfaces at the same points in each test, with each chapter focusing on an individual coating (1, 2, 
and 3 respectively). This is to enable the reader to gauge the behaviours of each friction couple 
individually. Each of these chapters concerns the results of a single, industry standardised, full-size 
friction test conducted on each dynamometer, each tested against the same pad formulation. Chapter 7 
examines cross section samples prepared for TEM, sliced from the friction surface of several of the tested 
discs in order to reveal what has occurred at and beneath the friction surface, and where possible to 
identify any coatings remaining and any interactions these may have had. Chapters 8 and 9 draw all of the 
information together to discuss and summarise the findings of the research by comparing the data from all 
of the tests; have the coatings provided any benefit, and is this in line with the original intention of the 
applied coatings? Chapter 10 is a summary of the suggested work which can follow-on from this 
research; either that which was not practicably coverable within the scope of this research, or that which 
has been identified directly as an outcome of this research. 
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1.1. Fundamental Understanding 
 
In the consumer automotive market braking is the process by which a driver can reduce a vehicles speed, 
in either slowing the vehicle under normal driving, or at the extreme to bring the vehicle to a rapid stop 
under emergency conditions. The braking action is usually carried out by contacting two friction materials 
under pressure, converting the momentum stored as kinetic energy to thermal energy (with some energy 
also converted as plastic deformation at the friction surface, light, and sound) which is then dissipated to 
the surrounding environment. 
The most commonly used braking system in the automotive industry, and in the transport sector as a 
whole, are friction brakes. The alternatives of electric and fluid brakes are currently unsuitable from a 
cost or complexity point of view 
[1]
. Usually this is carried out with a brake system set up at each of the 
four corners of the vehicle, consisting of one static friction material (pad or shoe) against a rotating 
friction material (disc or drum); most commonly used in the modern automotive industry currently is the 
disc and pad set-up due to the superior braking performance and relative ease of assembly/disassembly. 
The ability for a vehicle to reduce its speed or stop quickly, predictably and safely is an inherent 
requirement from the driver and other road users perspective. 
In order to understand the key property requirements of a brake disc it is paramount to first understand the 
key functions of a brake disc; these are to: 
 1 – reduce vehicle speed; 
 2 – bring a moving vehicle to a halt; 
 3 – keep a halted vehicle stationary [2]. 
Braking can work alongside other vehicle features such as engine braking to help reduce the amount of 
work the brakes are required to do. The ability of a braking system to slow or stop a vehicle is also 
limited by the adhesion (co-efficient of friction) between the tyres and road surface 
[2]
. For the purposes 
of this research we shall consider all such effects external to the braking system, and as such outside the 
scope of this thesis. 
To identify the key properties required of the brake disc it would first be useful to understand the process 
undergone by the disc during braking. A disc brake system typically consists of a disc shaped rotor, 
attached to the wheel hub, with a caliper 'floating' for the disc to spin freely through. Inside the caliper on 
either side of the disc are 2 sector shaped pads. A schematic of a simple brake disc setup can be seen in 
Figure 1. 
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Figure 1 – Schematic of simple brake disc, caliper, and friction pads [2]. 
 
Upon application of the brake pedal, increased hydraulic pressure acts on one or more hydraulic pistons in 
the caliper, pressing the pads into contact with the disc. The subsequent friction acting between the 
rotating disc and stationary pads creates a torque opposing the direction of rotation and causes the wheel 
to spin slower, and reduce the vehicles speed accordingly. The brake torque provided by a disc brake of 
this type is given by; 
 
           [Equation 1] 
Where, T = brake torque; µ = co-efficient of friction between pad and disc; ρ = fluid pressure; A = surface area of one pad; and R = the 
distance from the wheel axis to the centre of area of the pad [1][3]. 
 
From Equation 1 above, when all conditions remain constant and equal, the only factor affecting brake 
torque (T) directly related to the material composition of the disc is the coefficient of friction (µ). 
Quantification of friction performance is therefore commonly carried out by identifying the coefficient of 
friction under differing controlled friction conditions. It is a unitless value. 
The vehicle when in motion has a kinetic energy, which needs to be reduced during braking. From the 
first law of thermodynamics, we know that in an isolated system there can be no loss of energy. This 
implies that the lost kinetic energy must be converted during braking, in this situation into thermal or heat 
energy. The heat energy can cause increases in temperatures of up to 700°C in existing disc and pad 
applications 
[2]
. The disc and pad must both maintain the same friction characteristics even at these 
elevated temperatures. 
This conversion to thermal energy will induce rapid heating of the disc and a high risk of resulting 
thermal expansions that follows. When in situ on a vehicle, the distance between the pad and disc must be 
as minimal as possible to reduce the time taken between pedal depressed and braking action and to reduce 
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residual torque in the form of drag; this also reduces the amount of ‘dead travel’ in the pedal for the user. 
Due to these low dimensional tolerances there is little room for expansion (typically a distance of less 
than 0.1mm is expected), thus a low coefficient of thermal expansion is required. 
This large temperature rise can also be problematic due to the additional stresses set up in the disc; this 
can be mitigated by altering the design of the disc. Using a disc of a top hat shape as opposed to flat is 
one widely recognised solution – this shape may be enforced on the designer in any case to enable the 
working surface to be located suitably on the vehicle. The cooling of the disc can also be improved by 
venting it with radial passages thus allowing a flow of air to be established as it rotates 
[1]
. There is also 
the requirement for resistance to rapid increases in temperature, resulting in thermal shock and 
catastrophic failure of the disc. 
The disc will undergo very high stress situations, particularly during extreme and extensive braking (such 
as an emergency stop from high speed). The applied torque opposing the rotation of the disc will induce a 
shearing stress in the disc. The force applied by the pads will also induce compressive stresses at the 
contact points on the surface on which they act. Brake discs are expected to be in service for around 40-
60,000 miles on a consumer vehicle, ideally more. This means that although a high co-efficient of friction 
is required; they must also have a low wear rate, and for performance vehicles this is particularly relevant 
at high temperatures. 
Due to the nature of their use, brakes are a crucial component in whichever application. On the road this 
could be during an emergency stop to avoid collision with another person or vehicle; and in industry this 
could be to provide an emergency stopping force on a piece of machinery or equipment to avoid injury to 
the operator. A brake can thus be considered a vital safety component, and as such reliability and 
consistency in performance are two key parameters. 
From this it can be said that automotive brake discs are required to have a 
 high and consistent coefficient of friction (µ), suggested values around 0.3 – 0.4 are considered 
sufficient in the industry, 
 low wear rates such that the disc has a lifecycle of 60,000 miles plus, 
 excellent thermal stability to around 700°C, with good thermal conductivity and a low coefficient 
of thermal expansion, e.g. less than 20 10
-6 
K
-1
, 
 high strength (specifically high resistance to shearing, and high Young’s modulus e.g. greater than 
50 GPa). 
Additionally, it would also be highly desirable for the brake disc to be lightweight, inexpensive, corrosion 
resistant, and recyclable. 
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1.2. Brake Disc Materials 
 
1.2.1. Grey Cast Iron and Alternatives 
 
Traditionally, grey cast iron (GCI) is the material used for a vast majority of brake discs as it exhibits 
many of the material properties required for this application, including high strength, durability, thermal 
conductivity, high melting temperature (1380°C), its ability to maintain its strength to high temperatures 
(700°C), and the ability to perform well under heavy friction conditions (high thermal input) 
[3]
. With 
manipulation of the composition and microstructure through adjustment of the casting techniques or the 
addition of alloying elements including carbon, silicon, chromium, nickel, copper, titanium, and 
molybdenum, properties such as formability, strength, creep, and thermal conductivity can be further 
improved. Casting is quick, requires low-energy inputs, is inexpensive, can produce relatively complex 
and intricate three-dimensional shapes, and requires little to no expert knowledge to operate. At the end of 
service these materials can be easily recycled. Grey cast irons can be visually identified by their grey 
fracture surface, due to the high graphite content in the casting 
[5][6]
. 
GCI brakes have been used almost solely with great success until the early 1990’s when specialist and 
sports car manufacturers also began to investigate using new and novel materials, owing to several key 
drawbacks. The main drawback for using cast iron is its high density of approximately 7100 kg/m
3
 
[5]
, 
along with operational temperature limitations, an inherent lack of corrosion resistance and high wear 
rates. By controlling the pearlite and ferrite structures in the material, the hardness and as such wear rates 
can be controlled and reduced.  They are prone to corrosion from rain water and gritting salts, uneven 
wear from differential loading patterns and uneven friction layer formation. They can also suffer from 
distortion, leading to disc thickness variation brake judder (DTV). DTV primarily occurs in materials 
which have been in service for prolonged periods of time. It follows that, assuming the disc is not worn 
down through service, a cast iron material has a finite service life dependent on environmental and usage 
conditions 
[7]
. 
Pressure from legislators and consumers, however, to ensure that vehicle weight is reduced (to achieve a 
required reduction in vehicle CO2 emissions), means that any area where weight can be reduced will 
become increasingly important. Low density brake discs are an important part of the strategy to achieve 
this, with significant potential weight savings over GCI available. As an advantage to this also, lighter 
wheel/brake assemblies (the 'unsprung mass') of a vehicle, are highly desirable for reduced damping and 
wheel spring rates. This is to give comfortable vehicle ride, improved road holding, and indirectly, 
improved handling characteristics 
[8]
. 
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In order to meet reduced weight requirements, reducing the density of the disc is crucial. As discussed, 
the composition of the iron alloy can provide some improved performance characteristics through 
increased hardness and wear resistance; the density of the material is one such property which alloying 
cannot seek to improve. The next direct alternative would be to switch to another metal alloy of lower 
density. Aluminium, magnesium and titanium are all suitable candidates with lower densities, and are 
widely used in industry as engineering materials. The knowledge around their material properties is well 
documented, and manufacturing techniques are also very similar to that of iron. As monolithic materials, 
these metals may offer similar friction performance, but ultimately they are restricted by lower in-service 
operating temperatures than GCI, up to a maximum of 500°C 
[9]
, or by their high relative expense in the 
case of titanium meaning they are economically not feasible. 
Alternative solutions to these have been investigated in the form of a variety of composite materials. A 
composite material can be defined as one with two or more constituent phases, where the two phases 
consist of a matrix material, and a reinforcement material, combine together to produce improved 
properties, mechanical or thermal etc., over the properties of the individual constituents. Both constituent 
parts must exist in relative proportion, approximately 5% minimum 
[9]
. The reinforcement phase of a 
composite can be utilised in the form of a woven or non-woven fibre fabric, individual fibres, bundles or 
tows, or as a particulate reinforcement. The matrix constituent can be made from almost any engineering 
material and hence the whole field of composites fits into 3 general categories; Polymer Matrix 
Composites (PMC’s), Metal Matrix Composites (MMC’s), and Ceramic Matric Composites (CMC’s) [10]. 
Polymeric materials are well known and utilised for their low density (in the region of 1200 kg/m
3
) 
[9]
 and 
ease of formability in a wide range of engineering applications. Unfortunately they do not display 
mechanical properties equivalent to metals or ceramics, and generally display poor thermal properties. 
Young’s modulus values are typically in the region of 1-6 GPa. In adding a secondary material to the 
polymer, these mechanical properties can be improved somewhat to the extent that a PMC can be used in 
structural applications. In addition to this they only require low temperatures and pressures to 
manufacture, saving energy and cost and causing little degradation to the reinforcement phase in the 
process. 
Polymers display poor thermal properties. Even with the addition of a second constituent, it is very 
difficult to overcome this. One of the only PMC's which can reach even close to suitable operating 
temperatures for a brake disc is Polyimide matrix based which can sustain up to 425°C for several hours. 
This also shows amongst the lowest values for thermal coefficient of expansion, in the range of 14-90 10
-6 
K
-1
, which at best is only just higher than that of the grey cast iron (11 10
-6 
K
-1
). This is however, like 
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other thermoset’s, very brittle and so mechanically unsuited to the application [10]. This along with poor 
resistance to moisture and corrosion unfortunately render PMC’s unsuited to brake discs. 
Metal Matrix Composites (MMC’s) offer improved mechanical and thermal properties over PMC’s. In 
adding a secondary constituent much of the properties of the monolithic materials are improved also with 
a higher specific strength and lower wear rates. This logic has been utilised already within the automotive 
industry to meet new challenges, and the search for alternatives has yielded research and development of 
MMC rotors. Some investigative work began in the early 1990’s into aluminium based Metal Matrix 
Composites (Al-MMC). The key driver was reduced material density. Aluminium alloys used as friction 
materials offer low density options, but reduced strength at elevated temperatures means on their own 
they are not suitable. The addition of ceramic reinforcements in the form of particulate, fibres or 
whiskers, improves strength at elevated temperatures allowing for relative performance levels with GCI, 
and reduced wear rates. These have seen limited success in the automotive sectors, most famously used in 
the mid-1990’s as aluminium MMC discs on the new Lotus Elise. 
A study carried out by Grieve 
[11] 
identified that little work had been carried out, however, to understand 
the material properties or suitability for these applications. The researchers evaluated a series of MMC 
based rotors on vehicle and in laboratory situations and found that they could operate at similar 
performance levels to GCI, making Al-MMC’s the most likely candidates for replacing GCI. 
High conductivity and low density making them a prime candidate, however, there were large variations 
in the material properties based upon the reinforcement type. It was found that thermal conductivity of the 
material was a key factor in the peak operating temperatures (in this case identified from on road testing 
during an alpine descent). Al-MMC’s with their reduced thermal capacity over GCI, operated at higher 
temperatures throughout testing. It was also found that after operating at high temperatures (in excess of 
450°C) the disc surface contained re-solidified spheres of aluminium, leaving an excessively rough 
surface which couldn’t be rectified without removal of by machining.  his effect could be resolved with 
sufficient thermal management of the disc, or a refined material optimisation, but this maximum 
operating temperature will always be the limit of these materials. 
In a report published in 2000, Kuylenstierna and Storstein were tasked with developing a direct 
replacement MMC disc over the standard cast iron disc on a Volvo S40. They opted for a silicon carbide 
(SiC) particulate reinforced aluminium alloy matrix. The author indicated much experience in the field 
and as a result was very specific with the reinforcement volume utilised (20%) and aluminium alloy 
(AlSi9Mg). The manufacturer set a few requirements such as being the same physical size as the original 
item, meeting the existing performance characteristics and most importantly meeting a cost target of no 
more than 50% greater than the original item. The redesigned discs provided a sufficient weight reduction 
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of around 50% for both front and rear discs; but due to complexity and increased cost of manufacture 
cooling vanes were not included in the test pieces 
[12]
. 
Discs made from these materials can also be manufactured using several different methods, most notably 
liquid state processing takes conventional casting methods with some additional features. It has been 
found that the reinforcement can degrade at the high temperatures required and so fibres such as SiC need 
pre-coating in a pyrolytic graphite layer to reduce this 
[10]
. 
A review carried out from 1997-2000 
[7]
 identified composites as very suitable for use as friction 
materials within the automotive friction sector, thanks to their specific properties such as mechanical and 
thermal capacities, combined with their vastly reduced densities (2800 – 3000 kg/m3 as compared with 
7100 kg/m
3
). This has begun the transfer to the railway and automotive industry internationally, with the 
adoption of Al-MMC’s on some road vehicles, particularly performance cars, however high costs relative 
to cast irons leaves their adoption to the mass markets restricted. MMC’s ultimately fall foul of the same 
issue as PMC’s, their lack of performance at low temperatures, and with limited operating capabilities at 
temperatures above 450°C they prove unsuitable for this application 
[7][6]
. 
Looking to solutions for the consumer automotive industry the author came to a similar conclusion as this 
researcher, that Polymer Matrix Composites (PMC’s) are unsuitable due to the high energy dissipation 
required, likewise Al-MMC’s. The remaining alternative in the world of composites is a Ceramic Matrix 
Composite (CMC). Ceramics as a monolithic material offer very low density, low wear characteristics, 
are strong, have high Young’s moduli, but are brittle. Also of great importance to this application, they 
offer potentially very high service temperatures due to their high melting points and retained high strength 
at high temperatures. 
Ceramic Matrix Composites in general offer the suitable characteristics. With low densities, low 
coefficient of thermal expansion (approximately 6-8 10
-6 
K
-1
), high tensile strength (290 MPa) 
[10][13]
 and 
excellent corrosion resistance. The addition of the reinforcing phase reduces the brittle nature of the 
material in transferring the applied stresses away from the matrix. Barton 
[6]
 concludes his review by 
identifying CMC’s as the most suitable solutions thanks to their opportunities for weight reduction, 
tolerance of high operating temperatures and thermal shock. 
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1.2.2. ‘Carbon-Carbon’ 
 
The aerospace industry, looking to density reduction in order to reduce the required fuel load, and as such 
reduce operational costs, and thus improved economics of flight, first began using Carbon-Carbon, or 
carbon fibre reinforced carbon composites (Cf/C) it is understood, on Concorde 
[6]
. This ideology 
transferred to the railway industry where the potential for reduction in bogie mass (the wheeled wagons 
on which carriages are supported) can likewise lead to vast economic savings in fuel and component 
costs. 
Following their success in aerospace, the desire for lightweight components in Formula 1 led to the 
introduction of Cf/C rotors in the mid 1980’s, led by Gordon Murray at Brabham Racing. Comprising a 
pyrolysed carbon matrix reinforced by woven carbon fibres, the material has a very low density of 1600-
1800 kg/m
3
 
[14][15]
. As a friction material Cf/C composites are well regarded as having good abilities 
operate at higher temperatures, with increased friction performance, and these highly suitable properties 
have seen this material adopted as a standard by all Formula 1 teams for the past 30 years, and 
increasingly with several of the lower level Formula’s and other motorsport championships. 
Unfortunately, high wear rates, long duration and subsequent high cost of manufacture, and unstable 
friction performance at low temperatures leaves them unsuitable to be used for consumer road vehicles 
[6][16]
. In addition to this it has been identified that Cf/C materials exhibit insufficient stability of 
coefficient of friction caused by humidity and temperature (particularly below 110°C) 
[16][17]
 and that Cf/C 
materials are also prone to oxidation beyond 450°C. 
 
1.2.3. ‘Carbon-Ceramic’ 
 
These limitations with Cf/C composites, and the desirability for low-density CMC brake discs was clearly 
understood by the German  erospace Centre (DL ) where during the 1990’s there was much research 
carried out in modifying Cf/C to meet the performance limitations, and make it suitable for the consumer 
automotive markets predominantly aiming to improve the durability of the material 
[14]
. This has led to 
the development of carbon fibre reinforced carbon silicon carbide, or Cf/C-SiC, materials, commonly 
referred to outside of the literature as Carbon Ceramic. This material has now seen use for just under a 
decade on the most technologically advanced super cars, with the first commercialisation being used for 
the Porsche Carrera GT. Since then the material has seen gradual pick up by both consumers and many 
high performance vehicle manufacturers alike. 
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The processes used to manufacture Cf/C-SiC materials are complex, long, and as a combined result of 
this, highly energy intensive. There are several methods used, and on the whole these remain closely 
guarded for proprietary and commercially competitive reasons. The fundamental principles, however, 
remain similar with each method, aiming to produce a well bonded silicon carbide (SiC) matrix 
reinforced with carbon fibres (Cf). 
The carbon fibres mostly begin as spun Polyacrylonitrile (PAN) based fibres, subsequently pyrolysed to 
produce carbon fibres 
[10][13]
. These fibres can be used in several ways. The commonly used method in 
aerospace is to manufacture a bi-directionally woven fabric with layers stacked to reach the required 
dimensions 
[13]
. Alternatively, short or chopped carbon-fibre bundles infiltrated with resin are pressed into 
the required shape, with further powdered resin material. This is recommended as the preferred method 
for automotive applications by Krenkel as this can avoid methods such as resin transfer moulding and the 
use of autoclaves etc which are prohibitively costly for large volume manufacture 
[17]
. 
The preformed disc is then pyrolysed either in an inert atmosphere, or with a form of cracked 
hydrocarbon present, such as methane, the vaporised carbon deposits around the carbon fibres. For the 
short-fibre bundle method, the preform is pressed further under extreme pressure and temperature. This 
reduces the resin surrounding the fibrous architecture to a pyrolytic carbon matrix. 
This carbon fibre reinforced carbon material is then taken through a siliconisation stage, whereby it is 
infiltrated with either liquid or vapour phase silicon. Through pressurised infiltration, the silicon is fed 
into the open porosity within the structure of the material. This silicon reacts with the pyrolysed carbon 
matrix to form silicon carbide. As a by-product of this reaction there are commonly found residual 
unreacted silicon pools. Where there is closed porosity, the silicon cannot reach the carbon and so these 
volumes remain unreacted and as closed pores. 
The final treatments are to provide an anti-oxidation coating applied by dipping or brushing, and 
subsequently cured at low temperatures up to 300°C, before being finally machined to produce the 
proprietary surface finish as required by the manufacturer. 
As a result of these manufacturing techniques, and the materials involved, the surface of a Cf/C-SiC 
material is far more heterogeneous than the GCI or MMC equivalents, and can be seen to consist of the 
following constituents; 
 Carbon fibre filaments or bundles (random orientation, in-plane, out of plane) 
 Pyrolysed carbon 
 Silicon carbide 
 Silicon 
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 Voids (from closed porosity within structure, and those remaining from small chunks of debris 
removed during abrasive wear in machining) 
There are of course variations on this simplified processing recipe between manufacturers, but in all cases 
the final product is an inherently heterogeneous carbon fibre reinforced silicon carbide matrix, with a low 
portion of remaining voids typically less than 3.5%, a carbon matrix surrounding the fibres and unreacted 
free silicon. Typically the density of this material is expected to be in the order of one third that of GCI, at 
1900-2400 kg/m
3
 
[13][14][15][16]
. 
Improvements over GCI and Cf/C, making them suitable for consumer markets, predominantly come 
from vastly reduced wear rates by the inclusion of the reinforcing SiC phases; along with excellent 
thermal properties such as high thermal conductivity, low coefficient of thermal expansion, and excellent 
thermal shock stability 
[13][14][17]
 and an inherent corrosion resistance. The friction performance, whilst 
impressive is shown to be unstable 
[17][18]
, particularly under harsh environmental conditions and 
potentially long bedding-in periods have meant that their adoption for mass manufacture has not yet 
occurred. 
Wear rates for these materials are so low they could potentially outlast the lifetime of a vehicle, and in the 
very least run for several life cycles of the GCI equivalents. An additional advantage is becoming more 
apparent with the advent and proliferation of hybrid and electric-drive vehicles; these vehicles utilise a 
process known as regenerative braking whereby an electric motor connected with the driven wheels 
decelerates the vehicle by generating electricity through an electric motor (converting the vehicles 
momentum to electric energy), which is then stored in the vehicles batteries to accelerate the vehicle 
(through the same electric motor) at a later stage. On vehicles of this type any initial deceleration is 
caused by regenerative braking, with friction brakes only used, in conjunction with the electric motor, in 
the event that the electric motor is not sufficient to slow the vehicle, in particular under heavy or 
emergency braking conditions. As a result of regenerative braking the friction brakes are used with 
reduced frequency compared with non-hybrid and non-electric vehicles, making GCI discs far more prone 
to prolonged corrosion and regular replacement. The inherent corrosion resistance of Cf/C-SiC means that 
these will become an increasingly viable alternative in the future. 
 
1.3. Brake Pad Materials 
 
Friction is reliant on the behaviour of the friction couple. Part of the key to the understanding, therefore, 
of any performance is the understanding of what the opposing friction material is composed of, and what 
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impact this could have. Commonly referred to in the friction industry as pads or shoes, the friction 
materials are highly complex. They are manufactured in two common standards, as a NAO PMC (non-
asbestos organic polymer matrix composite, aka organic) or as a sintered metallic compound (aka 
sintered). The most widely used for cast iron rotors are organic pads. 
Traditionally brake pads are composite based, comprising in the region of 20-30 individual materials, 
with each one giving different characteristics but performing a vital function. Binders, usually 
thermosetting phenolic resins, hold the other components together to provide a thermally stable matrix. 
Structural materials, including metal carbon and Kevlar fibres, are used to provide mechanical strength. 
Fillers, including minerals such as mica, are used to reduce cost and improve manufacturability. Frictional 
additives, including solid lubricants such as graphite and abrasive particles such as alumina and silica, are 
used in conjunction with one another to stabilise the coefficient of friction at high temperatures, and 
increase the overall coefficient of friction 
[19][20]
. 
Pad manufacture is constantly evolving to meet ever stricter environmental legislation; for example 
elimination of fibres such as asbestos after it was discovered to be carcinogenic, and more currently the 
reduction of copper used in pads to reduce the copper residues in street water runoff impacting upon the 
local ecology. More alarmingly studies have shown that wear debris consisting of many elements 
including carbon, barium, iron, copper, antimony, silicon, magnesium, sulphur all of which are original 
constituents of the brake materials from the pad and disc, after testing on rats could potentially be 
dangerous to human tissues 
[21]
. As such there is a large volume of research focused solely on the pad and 
its constituents. 
 
1.4. Bedding-in 
 
The friction industry refers to the initial use of a friction couple as the bedding in period. This usually 
consists of a ‘Green’ section, and a ‘Bedding’ section [17][18]. The purpose of this is to bring the friction 
level of the couple to a sufficiently high enough value for the expected in-service conditions, with 
consistency and predictability of performance. When a friction couple is used for the first time, the 
vehicle owner is usually instructed to carry out a series of high speed controlled stops to put the friction 
couple through a few heat cycles, during which the driver will note an improvement in performance. 
Once bedded the friction couple is expected to perform consistently throughout their service life, and as 
such this bedding in period is crucial to the overall performance of any friction couple. 
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Some materials scientists and engineers have been researching the mechanism behind this bedding in 
period over the past 30 years and believe it to be directly linked to the deposition of a thin film layer at 
the surface of the disc. This layer has been examined to show that it consists of constituents from the pad 
and disc, and builds up through the bedding period. Once the film has become stabilised, the friction 
performance becomes stabilised. From this it is recognised that stable friction performance is dependent 
upon a stable layer. This layer is referred to in the literature in several ways including, a friction transfer 
layer, friction transfer film, or a third body layer. For ease this thin film or layer shall be referred to as the 
friction transfer film (FTF) throughout this work. 
 
1.5. Friction Transfer Film and Tribology 
 
The interaction between two different bodies in contact, as seen in friction brakes, comes under the field 
of tribology; the field of study concerned with friction, wear and lubrication of bodies in contact. 
Predominantly the research in this field is concerned with the contact between two steel bodies (as this is 
the most commonly used engineering material). Friction is the force which resists motion between two 
bodies in stationary contact or sliding over one another, acting tangentially to the direction of motion, and 
is proportional to the normal force. 
Friction is comprised of two components, adhesion and deformation. Adhesion friction is controlled by 
the attraction at the atomic scale between the contacting surfaces. As a load is applied, contact is made 
between the two bodies at the upper points of the asperities or peaks, where those peaks of the softer 
material are subject to a small amount of plastic deformation. During this deformation, the total contact 
area increases with increasing load, and with new lower asperities being contacted and deforming 
elastically. This loading has caused the plastic contacting asperities to cold-weld together, and form the 
strong adhesive bonds which resist movement responsible for adhesive friction. Deformation friction is 
formed predominantly from macroscopic interactions of the harder material asperities, or trapped wear 
debris, effectively ploughing through the softer material, deforming the softer material and leaving 
grooves in the softer friction surface. It is this ploughing of the softer material which is responsible for 
deformation friction 
[22][23]
. 
Wear considers the causes and effects of the gradual removal of material from the friction surface of 
either or both bodies, and is comprised of adhesive, abrasive, macroscopic fatigue, microscopic sliding 
fatigue, and corrosive wear amongst others. In adhesive wear, assuming that the applied load is 
sufficiently high to cause sliding, the cold-weld spots of the softer plastically deformed asperities in 
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contact with the harder material will yield to the applied load. This yielding must occur either at the point 
of contact between the bodies, in which case there is no wear, or the adhesive bond between the two 
bodies may be of sufficiently high strength such that the softer material yields just away from the join. 
Wear thus occurs as a small chunk of the softer body is removed and remains attached to the harder body, 
or until it may be dislodged by later friction contact. Abrasive wear is caused by the ploughing of the 
harder body, or harder trapped wear debris particles, through the softer surface causing significant plastic 
deformation, removing material from the softer material and producing grooves. Depending on the depth 
of penetration into the softer material abrasive wear can be more severe than adhesive wear. Macroscopic 
fatigue wear is a cyclical wear mode caused by repeated loading and unloading of the contact points in 
rolling contact, not sufficient to cause plastic deformation, but to cause enough stress at flaws such as pre-
existing micro-cracks, from which repeated loading eventually causes such faults to grow. These faults 
eventually spread as cracks and fail to form wear debris at the surface. This is generally concerned with 
friction applications such as bearings. Microscopic sliding fatigue wear considers similar mechanisms, 
but for sliding contacts, as may be expected on a friction brake. When the surfaces of two contacting 
bodies slide against one another, the asperities in contact may not experience shear stress sufficient to 
cause yield, but may cause pre-existing micro-cracks to extend. Repeated contact may eventually extend 
the crack sufficiently to cause failure, and the asperity will become wear debris. Corrosive wear is the 
removal of any thin oxidative film formed at the surface of the contacting bodies, which usually forms 
naturally in air. This oxide layer can reduce the strength of the welds between the asperities, thus meaning 
a reduction in adhesive wear of the main bodies. As the oxide film is damaged, however, there may not be 
sufficient time between contact for the oxide film to re-form, and so the asperities become unprotected 
and susceptible to adhesive wear. Furthermore, oxidation just below the crack tips tends to increase the 
effects of fatigue wear 
[22]
. 
The final section in the field of tribology is lubrication, and is concerned with the effects of thin films of 
liquid or gas build up intentionally or unintentionally at the friction surface, this field is particularly 
relevant to lubricated applications such as engine cylinder liners or bores in the automotive industry, 
amongst others, but is not particularly relevant to the dry friction conditions seen during automotive 
braking. 
In the field of automotive friction brakes, many researchers and engineers alike have made reference to 
the formation of a third body layer, a friction film or layer, or a transfer layer, but in the main they have 
referred to a friction transfer film (FTF). This section of the report hopes to go some way towards 
understanding the behaviour of this film, as discussed in the literature, and its subsequent impact upon 
friction. 
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There is a wide understanding within academia and the friction industry that a fine film or layer develops 
on the surface of the disc and pad in a braking couple as it runs through braking cycles, collecting wear 
debris from a combination of adhesive and abrasive wear. As the layer builds, the coefficient of friction 
increases until it reaches a suitable value (in the order of 0.30-0.50). This is believed to be the process 
occurring during ‘bedding-in’ [18]. 
To provide initial understanding of this, a presumed friction surface consists of a series of peaks (or 
asperities) and valleys, acted upon by a friction material with a relatively smooth and flat surface. The 
friction material will contact only the points/crests of the uppermost peaks, and thus only be acting upon a 
small contact area. The peaks will be subjected to a large pressure, causing them to fracture and become 
broken off as wear debris. The surface below is now revealed and the peaks will be larger in surface area, 
contact area is increased, and thus contact pressure is reduced. The new peak will be able to resist fracture 
for longer, but depending on the force applied could fracture at some time in the future. 
The old peak which has been removed is now wear debris and could be removed permanently. 
Alternatively, under the correct conditions it could become collected within the valleys to remain. This 
potentially could consolidate with other wear debris particles to fill in the valleys. As the wear debris 
packs together with successive passes of the friction material, high temperature and pressure could bind 
this together with the pad materials to form FTF. As the level becomes higher it will eventually reinforce 
the remaining peaks from fracture, and if it becomes high enough could become a surface for the friction 
material to act directly against 
[20]
. 
Godet 
[24]
 placed much consideration upon FTF formation, and states that in attempting to define a third 
body layer (FTF), the reader must begin by considering the first bodies from which any third body 
becomes formed.  hrough various mechanisms, the first bodies are worn from ‘feed areas’, to form 
weaker and more vulnerable (either mechanically or inherently as a material property) constituents as 
wear debris. This wear debris can then be captured, either at the asperities, or within the valleys of the 
first bodies. As this debris collects, a layer can gradually form. 
The formed FTF separates the first bodies preventing adhesion and micro welding of metallic particulates, 
and stable friction can be expected if there is enough third body material (FTF) at the interface between 
pad and disc, and if this FTF does not change its structure. After severe braking conditions the unique 
structure of the FTF could be destroyed, and thus removed from the surface. It is predicted that the system 
should be able to regenerate to original properties during subsequent recovery cycles, and for the FTF to 
develop again. Godet also proposed the continuous formation/destruction of surface films (screens) which 
cover the contact area providing main source of wear particle production. 
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It can be inferred therefore, that the initial surface finish could have a large impact upon the volume of 
wear debris generated and any FTF deposition. On cast iron discs, the surface would often be treated 
before installation. It is necessary to mill the surface to remove any casting imperfections. This means 
that during a 'bedding-in' period the rotational milling lines are removed from the disc resulting in an 
originally grooved surface becoming a smoother surface. Following the theory outlined, this will aid the 
build-up of the FTF, and as such an increase in the coefficient of friction against the pads 
[20]
. 
In attempting to understand the development of the coefficient of friction further, one team of researchers 
attempted to analyse the effect of disc surface topography. Prior to any testing they shot blasted the disc 
with angular SiC particles, creating a rough surface. The initial coefficient of friction was 0.3 (as 
compared with 0.6 for a standard disc), and it slowly rose, although even after 1260 braking runs when 
the surface had become smoothed, the coefficient had only risen to 25% below that of the standard disc. 
This was attributed to the prevention of the contact plateaus between the pad and disc being allowed to 
grow to their normal steady state size, indicating that simply roughening the surface isn’t sufficient to 
encourage FTF formation 
[20]
. 
Current research has focused primarily around the development of a FTF in the field of GCI discs, with a 
heavy focus on the FTF on the pad, rather than the disc. There has also been much focus on the 
manufacturing technique and on varying pad compositions upon the disc, with varying compositions of 
disc. The following is a breakdown and review of the previous and on-going relative research based upon 
the published articles. 
 
1.5.1. FTF upon Grey Cast Iron 
 
When using a NAO PMC brake lining material on a cast iron disc it was found that as expected a FTF 
formed on the surface of the pad (detected by SEM and XRD techniques) 
[25]
. The research conducted 
concluded that the chemical composition and the structure of the FTF was highly dependent upon the 
temperature of application. At elevated temperatures from 400°C upwards and particularly in the region 
from 600-700°C various iron oxides such as magnetite and hematite, and copper oxides such as cuprite 
formed. In this situation, the iron particulates would presumably come from the disc or pad, and the 
copper from the pad. 
In addition to this, TEM analysis revealed a secondary layer had formed on top of the FTF, a very thin 
discontinuous crystalline carbonaceous friction film. Neither of these layers appeared in the static loading 
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tests that were carried out in that research project, indicating that these films are a definite by-product of 
the braking process 
[27]
. 
Osterle has carried out many considered studies on the formation of a third body at the interface between 
GCI discs and organic pads during friction testing. Looking at the wear formations during braking, they 
identified many constituents from the first bodies identified as FTF – iron oxide, other mixtures of oxides, 
and carbonaceous products found in films and wear particles 
[28]
. The formulation of the FTF was found 
to be highly dependent upon the formulation of the pad. They also suggested that during modelling the 
friction behaviour between GCI and a Fe-based pad, that FTF growth could be aided by the 
recombination of debris by welding of metallic particles. 
Another study they carried out focusing on the evolution of friction in a friction couple using a 2D 
modelling package found several interesting results. Their physical experimentation confirmed the 
presence of particles from the pad and determined it to be due to decomposition of the resin once the 
brake temperature reached excess of 300°C releasing the particles onto the surface of the disc. The wear 
particles contained high levels of iron oxide, presumed to be from both the disc and pad as iron featured 
heavily in the composition of both. They also contained a vast majority of particles from the pad mixed 
together to form a nano-crystalline microstructure 
[27]
. The report also found that the presence of a solid 
lubricating layer such as graphite impacted upon the coefficient of friction. As the graphite concentration 
decreased, the coefficient of friction increased from around 0.3 to values in excess of 0.5 
[27]
. 
In further work, 
[28]
 they modified levels of various pad constituents such as graphite, aluminium oxide, 
and magnesium oxide. Increasing concentration of graphite (a solid lubricant) in the FTF reduces the 
coefficient of friction. Aluminium oxide and magnesium oxide are both very hard particles already of a 
fine size, and will not be reduced to a smaller size by GCI. Iron chromium spinel is also included; this 
abrasive scratches the surface but does not combine and is ejected as debris. 
These findings suggest that friction layers provide a smooth sliding behaviour and stable coefficient of 
friction so long as they were able to form what they termed a mechanically mixed layer (MML), or FTF. 
To form an MML it is essential to have a solid lubricant concentration of 10%. Pure oxides produce a 
higher coefficient of friction, than oxides mixed with solid lubricants, but lack the ability to form an 
MML. A mixed oxide with additional hard inclusions provides high coefficient of friction and still has the 
ability to form an MML. It is worth noting that this testing was only simulated for metal on metal contact. 
Looking more specifically at temperature effects on the pad between 150-450°C, they identified that 
higher wear rates are closely linked with higher production of CO2 at the contact point. Analysis showed 
that the initial coefficient of friction was 0.1-0.2, with correspondingly low CO2 emissions; as 
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temperature increased, at one point the coefficient of friction increased rapidly to 0.3-0.4, and CO2 
emissions followed. This indicates that CO2 production at the interface is a crucial by-product of the FTF 
evolution on GCI, and also suggests that this is strongly linked with oxidation of carbon 
[27]
. 
It was also observed that often very thin and discontinuous layers form and remain at the surface of the 
first bodies after application. Comparison of actual versus predicted coefficient of friction (from precise 
modelling) under testing conditions show that the FTF consists of a combination of oxide on oxide 
contact and a little metal on metal contact – primarily oxide on oxide. If metal on metal, the coefficient of 
friction would be expected to be far higher, as seen in the modelling. From this, a third body of soft oxide 
particles, solid lubricant nano-particles and some hard inclusions, gave a coefficient of friction of 
approximately 0.45-0.5. It is suggested in the research that the friction layers are frequently observed to 
be fragments, as opposed to continuous layers, and it is suggested that the primary cause of this is the 
instability of the oxide particles which are frequently released to the environment after application 
[28]
. 
 
1.5.2. FTF upon Al-MMC 
 
A thorough study was carried out to investigate the friction and wear characteristics of several (12) Al-
MMC rotors, using a variety of different reinforced and unreinforced aluminium alloys and reinforcement 
materials, and using a variety of bench and dynamometer testing 
[29]
. The author found that although an 
Al-MMC provides good performance characteristics, all 12 samples failed at temperatures between 489-
540°C. The weakened matrix structure resulted in plastic deformation and deep scoring or ‘gouging’ of 
the surface. 
It was found that a FTF formed on the surface of most of the samples, with a variety of colour finishes 
from black to silver to copper coloured, but once plastic deformation occurred it was assumed that any 
layer would fail to remain intact. Unfortunately there was no characterisation carried out to investigate the 
composition of the observed films, so beyond the colour description it is difficult to ascertain what was 
happening. The samples acting against an OEM supplied friction pad specifically designed for an 
aluminium alloy composite produced the brown/copper coloured film, and once under a higher applied 
load had an increase in temperature and subsequently the film colour darkened to black. 
The samples were measured to indicate levels of wear of the friction materials, and increase in size and/or 
weight of the rotor. This shows that a volume of material is transferring from one to the other during 
contact. Some of the samples were observed to have high quantities of debris ‘flying off’ the surface.  his 
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would suggest that not all combinations provide good adhesion between debris and the contacting 
surfaces, and it could be assumed from this that the film does not form so easily. 
From the outset of one study, the author made it clear the importance of the FTF in friction performance 
and disc temperature, and so a major focus of the study was around its development. He points out that 
disc and pad composition are both crucial factors in the layer formation, particularly at the surface of the 
disc. In regions of low particulate reinforcement at the surface, poor thermal stability resulted in surface 
scoring at temperatures below 400°C. He suggested that the solution to this would be to increase the 
particulate content at the surface, but that this would prove too costly to be economically viable for cost 
effective Al-MMC rotors, presumably owing to the increased cost in raw materials (SiC particulates 
versus Al-alloy matrix) used 
[30]
. 
One solution put forward was to etch the surface in acid to reveal the reinforcement particles, and 
increase surface roughness. An increase in surface roughness will lead to a rapid initial pad wear rate, but 
also allows a ‘robust transfer layer’ to form, conversely to that found with GCI materials earlier.  his 
rough interface also increases the ‘adhesion of the transfer layer and by this contribute to the increased 
temperature stability’. In addition to the above, it was found that on an untreated surface the bedding in 
process took between 20 and 50 moderate braking cycles; on a treated surface this was reduced to as few 
as 1 or 2 cycles. There was no longer term testing conducted however, or testing under differing 
conditions, and so it is difficult to determine the longevity of any success recorded, and as Eriksson 
[20]
 
and Godet 
[24]
 both refer to, the FTF stability under these different conditions is vital. Once an FTF has 
been removed, it is necessary for it to re-form if stable friction is to be re-achieved. It is this with which 
the success or failure of a FTF formation should be assessed. 
In another investigation the author had noticed that in the previous investigations there had been little or 
no real investigation into the effect material composition had on FTF formation; and that focus had 
generally been around the mechanical and thermal properties with some minor visual observation of the 
film formation 
[31]
. 
During testing it was found that as the volume of reinforcement increased, the coefficient of friction fell. 
It was also observed that the FTF in the higher proportion reinforced samples was lighter in colour, and 
failed to develop as well. It was hoped that further analysis will reveal that the FTF is developed from 
both components; along with its composition and thickness. 
The author also looked at different reinforcement types and rotor material structure and found no 
correlation to suggest any impact on friction behaviour. It was found that although macroscopically the 
surface of the rotor is harder, as the reinforcement is a relatively small component surrounded by a softer 
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matrix at a microscopic level, the surface is more deformable. It was observed that as the discs underwent 
testing they did not show many signs of wear, and in fact by the end were thicker than at the beginning 
indicating growth of the FTF. 
The report summarises by saying that the surface conditions between the pad and disc initially have a 
large impact on the subsequent film formation, and that once formed it is difficult to modify. The author 
also indicates very clearly that to gain full benefit of the friction couple it is essential to understand the 
formation of this layer, its ideal composition and to carry out development of both components of the 
friction couple in conjunction with one another. 
Dorffman evaluated several thermal sprayed coatings on Al-MMC discs in an attempt to improve 
performance 
[32]
. The coatings evaluated included several Fe based, but of interest were the Al2O3 based 
coatings, which showed a marked improvement over an uncoated disc when comparing the coefficient of 
friction values (0.7 versus 0.4). Unfortunately, the author published no further evaluation or 
characterisation of this material, with no real mention of the FTF formations, other than to say that testing 
was validated and proved using racing vehicles such as then current Formula 3 and Touring Cars.  
Wirth investigated the use of thermally sprayed metal matrix composite coatings to try and enhance 
performance 
[7]
. Previous work they had done highlighted the relationship between the transfer film and 
friction performance, so this was a focus for this study. The composition of the coatings was not 
disclosed, beyond being described as copper-rich or ferrous-rich. Both coatings were deposited onto pure 
aluminium and cast iron discs for small scale, dynamometer and vehicle testing. It was noted that the 
copper rich coated discs performed well with all friction materials, with higher final friction, less wear 
and fade, although initial friction was lower with all coated discs. At elevated temperatures above 525°C 
the surface layer was noticed to be delaminating from the substrate, with architectural modifications to 
the disc suggested to alleviate this issue. The ferrous coatings showed great performance on a ventilated 
cast iron disc, with similar friction levels achieved with reduced wear for both disc and friction material. 
Stress relief cracking is still evident, and so avoidance or elimination of this was the primary focus for the 
next study. It was also noted that the coated discs did not produce a clearly defined transfer film as 
rapidly as the GCI discs, and this is an apparent issue with all ‘replacement’ friction materials. 
These articles tend to support the prevailing theory that an FTF forms as part of friction on the surface of 
both the disc and pad, and that said FTF is required for stable and consistent friction. The described FTF 
consists of wear debris which accumulates from both primary bodies, and is generally of a nano-sized 
particulate nature, and these are generally iron or copper rich. 
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1.5.3. FTF upon Cf/C-SiC 
 
Despite the understanding that a FTF is important for friction to stabilise, FTF formation on Cf/C-SiC 
materials has not until recently been observed in great detail. In a review of the friction industry 
conducted by Barton in 2000 
[7], he stated that “standard testing procedures and fundamental 
understanding was lacking”. He stated the case that, the existing materials knowledge for the behaviour of 
the friction couple “could be improved upon” [7]. With the advent of new materials, there is a key driver to 
improved understanding of how the frictional, microstructural and tribological properties are 
interconnected. He went on to say that understanding this relationship, and the impact upon the transfer 
film (FTF), is key to enabling the correct materials selection which best meets the needs of the consumer. 
 Looking at the UK supply chain in particular he concluded that whilst the end-users (racing teams, or 
consumer vehicle Original Equipment Manufacturer’s – OEM’s) had “no real requirement for 
understanding of the friction performance”, the designers and component manufacturers needed 
fundamental understanding if they were to meet the challenges presented. He also made the point that the 
highly confidential nature of the motorsport industry meant that any information gained remained in 
secret, making any meaningful progression troubled. 
In an attempt to address this, some research has been conducted by other researchers. In one study, 
various composition MMC brake pads have been tested against Cf/C-SiC discs with an aim to understand 
the overall friction behaviour of the couple by investigating the FTF formation on the pads 
[33]
. It was 
found from this that both iron and copper oxides formed within the FTF, and that the formation of the 
FTF on the pads overall was caused by the oxidation and mixing of metallic phases. A pad reinforced 
with SiC particles showed a thinner overall friction layer, along with a lower coefficient of friction, which 
reinforces their previous idea that metallic phases are required for stable FTF formation. The pad with the 
graphite particles, although this is typically used to act as a friction lubricant, actually saw an increase in 
the coefficient of friction. 
Another research group conducted some modelling on the nano-scale, and showed that a constant friction 
force can be expected if the FTF covers the surface. They went on to conduct a friction study based upon 
this work and found that the gap between pad and disc (20 µm) was filled with FTF material on a Cf/C-
SiC disc. By collecting samples of non-adhered FTF (brake dust particulate), analysis showed that the 
layer consists of a wide variety of materials, mainly iron, copper, and some silicon which corresponded 
with the main constituents of the first bodies. The coarse wear fragments found were identified as cast 
iron up to 1mm in length; agglomerates of FTF materials and coarse particles of pad constituents were 
observed also. The FTF was identified as having an entirely different structure from the first bodies, and 
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found to be approximately 10 µm thick. They discussed several mechanisms for wear including severe 
plastic deformation of the disc surface; cracking of interface between graphite lamellae and pearlitic 
matrix, corresponding to production of coarse cast iron particles; and tribo-oxidation forming nano sized 
iron-oxides 
[34]
. 
It was also noted that at temperatures above 250°C, pyrolysis and subsequent degradation of the phenolic 
resin leads to considerable pad wear. Even at moderate temperatures the pad still shows strong signs of 
degradation. Analysis of the pad materials showed that hard particles such as Al2O3 and SiO2 maintain 
original size, whilst softer particles such as weak metallic compounds (copper, metal sulphides) milled 
together with iron oxides to a very small grain size. Characterisation has shown that the FTF consists of 
three nano-constituents mixed together; iron, copper and carbon, on an ultra-fine scale. Similarities 
between the EDX spectra of the FTF and the pad formulation show that almost all constituents of the pad 
contribute to FTF formation, indicating that pad formulation will have a large impact upon the FTF 
chemical composition. 
During emergency braking conditions higher temperatures are reached and more FTF is formed at the 
surface, but crucially the FTF composition is the same. Coarser particles are preferentially ejected from 
the surface and the finer particles adhere to the surface or become trapped in wear troughs. Observed 
fluctuations during testing suggest that not enough fine wear particles were available at the interface to 
provide a stable and constant coefficient of friction 
[35]
. 
In another investigation looking more specifically at the microstructure, it was observed that a FTF 
approximately 10 µm thick formed (which corresponded well with the other research groups findings), in 
conjunction with testing results showing a coefficient of friction of 0.38 (dynamic) and 0.50 (static), with 
minor fluctuations of 0.04 
[16]
. This indicates a good level of performance, with good consistency and 
stability. Post testing analysis showed an obvious friction film covering the disc, micro cracks were also 
observed. Unconsolidated frictional debris including grains and flake material was observed around the 
film formation and characterisation via XRD of this showed it to contain carbon, residual silicon, and 
SiC; and was also composed of SiO2, Fe3C, and FeC. Their results showed that oxidation and material 
transfer happened on the friction surface during braking, with local hotspot temperatures also observed to 
be approximately 1000°C, with oxidation resistance of carbon very poor over 400°C, and SiC over 
800°C. This suggests that the predominant wear mechanisms include adhesion and oxidation-abrasion. 
Fouquet 
[36] 
tested several different variants of the Cf/C disc – including varying levels of SiC and free Si 
in the matrix. They found that the presence of silicon greatly increased the coefficient of friction, and 
decreased wear, but it has also been noted that this behaviour is accompanied by instability and vibratory 
phenomena. This was theorised to come from adhesive friction based upon FTF morphology resulting 
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from the silicon presence, and was recommended to replace silicon by silicon alloys to give stable 
silicides. 
Y. Xu 
[37]
 studied the use of Cf/C-SiC materials as both of the first bodies in a friction couple, in varying 
compositions. They identified that increasing carbon content improved the overall coefficient of friction, 
and that friction performance was highly dependent upon the temperature reached during braking. They 
observed that wear debris was generated at the surface, with significant micro-cracks and grooves, but did 
not mention the formation of a film or FTF. This would indicate that the lack of metallic and metallic 
oxide compounds typically found in the pads has led to little or no FTF formation, and as such leads to 
insufficient stability and low temperature friction performance for road vehicles. 
Additionally, Osterle during their research on different oxide additives to pads, suggested that alumina 
and magnesia would not be ground down by GCI and so not form part of the FTF and suggested that this 
behaviour could predictably be different on a Cf/C-SiC material 
[27]
. 
Wang has conducted seemingly the most thorough testing and analysis regime of all parties interested 
[17][18]
. By utilising a small laboratory scale dynamometer to test disc samples against a standard organic 
pad material they were able to quantify friction performance, in conjunction with a detailed 
characterisation of the friction surface using optical and electron microscopy. The authors identified key 
areas of the microstructure taken from the images and followed these methodically through several 
braking applications on the dynamometer to follow the variation and activities at the surface. As an 
outcome of their work, they identified that FTF formation was highly dependent upon which part of the 
microstructure was being considered. 
 SiC – Little or no FTF formation occurs directly on the silicon carbide. This component typically 
shows very low wear rates in the short term. Upon closer inspection after a high number of runs 
the SiC begins to crack, and in these cracks a friction transfer film begins to deposit. Further 
observations show cracks propagating with the eventual break up of SiC. 
 Carbon Fibres – Nothing appears to form on the fibres themselves, but where the fibres are 
sheared, scratched or grazed some of the third body appears to form in the cracks, and is usually 
fairly crumbly in nature, exhibiting poor bonding. 
 Carbon Matrix – No distinct layer appears to form. Formations very occasionally observed as 
deposits in boundaries between Cf and C, 
 Pure Silicon – This exists in small forms in the matrix of the composite. A friction transfer film 
seems to form on, and adhere to the pure silicon very rapidly, with good stability. 
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 Holes, Cracks and Voids – It is shown that the friction transfer film forms in the cracks, deposits 
further and builds. As the deposits increase, it can eventually become loosened and removed. The 
crack is then refilled by further wear debris, built-up and destroyed. This pattern is cyclic. 
Based upon this, the FTF formation was categorised into three different mode types. 
Type I. the transferred materials develop a stable relationship to the matrix, and to itself, and this 
stable relationship enables longevity in the FTF, 
Type II. the transferred materials cannot develop a stable relationship with the matrix, or itself, and 
any longevity of FTF is dependent upon durability of the interface and sturdiness of the immediate 
substrate, 
Type III. the transferred materials develop a stable relationship with the matrix, but any longevity is 
determined by the level of cohesion and compaction. 
From this it is clear that the preferred mode of formation is Type I, and that the current microstructure 
serves to form predominantly Type II formations on the carbonaceous (fibre, or carbon matrix) and SiC 
regions. The voids and cracks in the surface predominantly develop Type III formations, along with some 
of the Cf/C boundaries. The only region which indicates successful Type I formation is that of the free 
silicon. 
This lack of ability to develop a good FTF across the majority of microstructural constituents is key to 
understanding the poor bedding performance also clearly indicated in the same paper. In order to enable 
successful FTF formation it is necessary to convert any deposition to a Type I mode; this should then give 
rise to subsequently improved friction performance. 
The characterisation work carried out has shown that the friction transfer film which does form, 
especially on the silicon regions, comprises mainly metallic elements (high quantities of iron, and 
copper), some carbon, silicon and oxygen. This would suggest, in line with much of the other research 
that has been carried out, that the FTF is a mixture of material from the disc and pad forming together 
under high pressure and temperature conditions. 
Further to this research, Wang conducted TEM analysis of the FTF found at the friction surface in several 
of the specific regions 
[38]
. They found that no FTF large or thin film formed across the surface of the 
carbon regions, occasional debris did penetrate into surfaces but only to an extent of <200 nm, with no 
FTF successfully building on top of this. In the interfaces between the Cf some transferred materials 
consisting of typical pad materials penetrated to a depth of approximately 2 µm, with a small layer of FTF 
on top of this (0.1 µm). 
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They found that in general, the FTF comprised two separate regions, the first of metallic debris of refined 
sub-micron grain sizes, the second of fine-grained nano-sized crystallites, potentially packed together 
through sintering at high pressure and high temperatures around 1000°C. Considering the free silicon 
regions, which had previously been identified as the potential Type I deposition regions, this showed that 
some FTF formed well, as did some on the SiC regions. Through the TEM analysis, it was identified that 
the FTF forming on the surface of the silicon regions formed through brazing of copper with silicon at 
temperatures in excess of 800°C, and this initial formation allowed for the successful deposition of further 
FTF materials. The SiC and C regions did not exhibit the same formations, primarily as thermodynamic 
analysis confirmed, the localised temperatures reached would need to have been significantly higher 
around 1100°C. This would indicate why the free silicon regions act more preferably as deposition 
regions for FTF. Furthermore, it was observed that mechanical damage was found in the SiC and C 
regions, but not the Si, leading to micro-cracks forming in these regions. This would significantly reduce 
the sustainability of any formed FTF and as such any friction performance. Interestingly, despite iron 
being a strong component within the FTF, no bonding was found between the substrate components and 
iron on the samples inspected. 
This work shows that successful formation is dependent upon successful bonding between the substrate 
and the forming FTF. It also shows that, with successive friction actions, the ceramic region will suffer 
from micro-crack formation, and eventual fracture and dislodging of the SiC chunk. This will include any 
FTF which has deposited on top of these regions, and thus undermines any successful FTF formations. 
This further strengthens the prior findings that SiC FTF formations are primarily Type II, and Si 
formations are Type I. 
 
1.6. Solutions 
 
In order to improve the friction properties of the material to a state where performance can be controlled 
at a predictable level, it is understood there needs to be a consistent friction layer (FTF) across the surface 
of the disc. The deposition and bonding of the FTF across large portions of the surface, therefore, needs to 
be improved. 
There are two potential methodologies behind achieving this which can be used singularly or in 
conjunction, either a mechanical or chemical modification to the surface. 
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1.6.1. Mechanical Modification 
 
A mechanical modification to the surface can be introduced through surface finishing techniques, 
typically grinding the surface to achieve an agreed level of roughness using a value such as the RA, 
measured using surface profilometry. As discussed earlier in the report, this is currently carried out as one 
of the final stages of manufacture for quality control purposes. The manufacturers will attempt to balance 
several factors with this process including aesthetics, cost, and performance. The manufacturers have 
been granted patents for their machining process, and finishes, although the exact purpose of the specified 
finish is undisclosed. 
The identified formation of wear debris from both disc and pad and, subsequently, the potential formation 
of a FTF on Cf/C-SiC, has been described previously 
[20][24]
. Assuming this situation occurs, the surface 
could become a dynamic FTF reinforced series of peaks and valleys, and without any change to frictional 
pressure or environmental conditions, could remain. As has been observed by Wang, this is rarely the 
situation seen for Cf/C-SiC. Any wear debris removed and recovered in the shallow or deep valleys is 
rarely well consolidated and thus will be easily removed during future braking efforts 
[17][18][38]
. This goes 
against Godet’s remarks regarding the re-generation of FTF if it is removed or changed through differing 
friction conditions, and is perhaps specific to Cf/C-SiC. 
As discussed in the literature, it is understood that by introducing mechanical modifications in order to 
begin friction with a controlled surface finish, whether smoother or rougher, will be unlikely to change 
this effect in the longer term 
[20][24]
. With a smoother surface from the beginning, the contact pressure will 
be low and as a result peaks will fracture less, and the resulting wear debris from the first bodies will be 
low in volume. Contact temperatures as a result will be lower, and as identified temperature is influential 
on the rate of deposition and composition of FTF 
[38]
. This cumulates to resulting in an overall low 
amount of FTF to build up. A rougher surface will have higher initial contact temperatures and pressures 
from the sharp peaks, and more wear debris will be generated. Conversely, with deeper valleys any wear 
debris will struggle to deposit and consolidate effectively. 
It follows therefore that, in the short term the friction couple may show a higher initial value for the 
coefficient of friction, and thus be interpreted to have a potential to bed-in more effectively from a 
mechanical modification. In the event, however, whereby friction conditions or environmental conditions 
change, any FTF which has formed can be easily removed. In this situation, the initial conditions to 
ensure build-up will have been removed and future FTF rebuild will be uncertain. It follows therefore, 
that any mechanical modifications to the original friction surface of the disc will do little to meet the 
requirements for successful, durable FTF formation. 
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In consideration of the pad, which is primarily manufactured from a NAO PMC (Non-Asbestos Organic 
Polymer Matrix Composite), this will have a lower bulk Young’s modulus than the Cf/C-SiC, resulting in 
a high proportion of wear debris from this material. Any potential changes to the surface structure to 
encourage deposition will also impact upon pad wear. A rougher disc surface can lead to increased pad 
wear, without a corresponding increase in FTF deposition 
[30]
. 
An investigation surrounding surface roughness effects on the bedding performance, and potential for re-
bedding after FTF strip off, should be carried out to validate the theoretical behaviour outlined above. 
Data included from monitoring of the surface topography changes, such as surface profilometry, would be 
crucial for this investigation. 
What is also clear from the work of Wang, is that the fundamental problem of FTF formation is restricted 
by the ability for wear particles to consolidate and bond to the predominant microstructural constituents 
effectively 
[24][38]
. It can be inferred from this that no amount of mechanical modification to the surface 
will encourage further successful deposition in either the long or short terms. The ideal would be to 
convert either Type II or III to a Type I formation, and this cannot be achieved by mechanical means 
alone. 
 
1.6.2. Chemical Modification 
 
An alternative theory would be to introduce a chemical modification to the surface, and therefore 
encourage deposition of the wear particles as FTF. There are several methods which could be employed 
to do this, by increasing the content of surface constituents such as free silicon, which have been shown to 
bond well with the wear debris, particularly copper, which helps to then form FTF. Alternatively it could 
be possible to introduce a binding agent or similar which could encourage deposition of the wear particles 
at the surface, entrapping them before they are permanently removed. 
The binding agent would need to provide a strong chemical bond to the surface, and also easily bond with 
the wear particles so that they remain, and build a successful FTF. A FTF consolidated within the valleys 
of the surface structure will also act to reinforce the remaining peaks, reducing the contact pressure so as 
to reduce the likelihood of fracture. In any case, if there were to be fracture, any removed particles could 
ideally be recaptured and retained by the binding agent. The changing friction and environmental 
conditions could also more easily be withstood. 
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1.7. Surface Coating Materials 
 
In attempting to solve the FTF formation issues, the identification of a chemical bonding agent, which can 
be applied to the surface of the disc has been investigated. Any binding agent would be required to bond 
well with the main constituents of the disc, SiC and Cf/C, and display the ability to bond well with the 
particles in the pad. It would need to be able to withstand high temperatures created through friction and 
ideally it would be beneficial to withstand environmental conditions the disc would be exposed to such as 
snow, ice, water, and gritting salt solutions. 
Other research groups have trialled permanent coatings at the surface of Cf/C-SiC materials. Initially by 
adding a surface layer of pure SiC via CVD, they found that the wear rates compared with the un-coated 
Cf/C-SiC disc reduced dramatically by 90%. Unfortunately, this method proved economically non-viable 
so as an alternative to this they added further silicon and carbon to the surface and a SiC layer was 
reaction bonded to a Cf/C core during siliconisation. This gave a Cf/C-SiC material with a coating layer, 
commercially named SiCralee. This coating did not match the wear rates of the pure SiC, but did improve 
on the wear rates of the non-coated disc by 85% 
[10][14]
. This coating development was primarily led by 
the need to reduce wear rates of the disc, and didn’t focus on any potential FTF formations or effects. The 
differing thermal coefficients (expansion) led to cracking and delamination of the coating implying 
longevity is perhaps an issue, but did not affect the substrate. There are no other sources in the literature 
describing the application of surface coatings to Cf/C-SiC brake discs, particularly for the purpose of 
encouraging FTF deposition. 
The introduction of an adhesive or bonding agent to the surface of the Cf/C-SiC brake disc could be an 
effective method. Some typically and widely used adhesives, such as phenolics and epoxies are incredibly 
effective adhesives. The principle of these thermosetting agents is to mix a resin and a hardening agent in 
order to cure a thermoset polymer which can bond two or more bodies together permanently, so as to 
create a join. Epoxies in particular are very adherent to almost all materials, provide very strong bonds 
and have high strength, meaning these are particularly useful for structural applications 
[5][39]
. 
Unfortunately, however, these resins have two downsides which would render then unsuitable for this 
application, the first being that once cured the thermoset polymer no longer acts as a future binding agent, 
so at best would only aid capture of any wear debris during the early resin curing stage. Secondly, they 
are also limited in their operational temperature range to around 150°C before they begin to decompose, 
which is entirely unsuitable for friction applications. 
The typical manufacture process for an engineering ceramic, powdered ceramic is pressed into shape at 
high pressure to form a green body, which can then be sintered at high temperature to form a bulk 
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material. This material typically will have high strength but low fracture toughness; the addition of the 
secondary phase (carbon fibres in our case) is to improve this toughness to allow the ceramic to be used in 
further engineering applications. Alternatively, a binding agent can be used to aid the bonding of ceramic 
materials, particularly to aid handling of the green compacts, and can have the added effect of improving 
the processing conditions during sintering 
[40]
. 
A key group of bonding or coupling agents are the silanes. Originally developed for use with glass fibres 
in the field of polymer matrix composites, silanes were used in order to improve the interfacial bonding 
between the glass fibres and the resinous matrix, whilst also offering improved protection from moisture 
and moderate temperatures 
[41]
. Since this time silanes have seen much development, and looking more 
specifically at the realm of ceramic matrix composites, silanes have been used as a precursor to ceramics, 
with polycarbosilane a primary candidate in this area, used in a variety of methods such as spinning to 
produce SiC fibres 
[42]
, and more recently in SiCf or Cf reinforced SiC composites 
[43][44]
. The use of 
polycarbosilane allows for the successful bonding of ceramic compacts cured at low temperature (around 
150°C), which can then be pyrolysed at elevated temperatures (1000-1600°C), to decompose to a SiC 
ceramic. Polycarbosilane allows for ease of shaping and processing at moderate temperatures using 
conventional polymer processing techniques, and once formed, requires curing (cross-linking) prior to 
high temperature pyrolysis for conversion to a SiC based ceramic. 
Thermal evaluation of cured PCS shows that there are significant changes to the chemical structure in the 
temperature ranges 0-1200°C, especially from 500 to 1000°C [45][46]. This means that an initial cured 
coating may be suitable to act as a binding agent during friction, but would likely become unstable 
through the temperature regime required (up to 700°C), and as such the bonding structure may become 
unstable for any developed friction layers. Alternatively, a fully pyrolysed SiC-based ceramic layer from 
a PCS precursor may offer greater stability to temperature changes, but will also not offer much in the 
way of improved FTF formation at the friction surface. Wang has shown that SiC itself does not aid the 
formation of FTF, and so increasing the quantity of this at the friction surface will likely not improve FTF 
formation and as such coefficient of friction performance of a Cf/C-SiC discs 
[38]
. Unfortunately, as with 
the thermoset resins, neither of these conditions is appropriate for the application required in this research. 
 he research work of W. D. Kingery in the 1950’s [47], highlights that the use of phosphates to bond 
ceramics together can allow them to cure at low temperature – thus allowing them to be used in medical 
applications, such as dentistry. They display the ability to produce a well densified, tough and durable 
ceramic. 
Zinc Phosphate from mixing of zinc oxide powder and phosphoric acid reacts to form a hard dense 
product. This has seen uses in refractory applications, and showed great thermal cycling properties and 
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workability during processing; this is unfortunately unsuitable for high temperature refractories, but is 
excellent for low and medium temperature applications. 
It was also identified that in using phosphoric acid with sodium silicate, the high shrinkage of zirconia 
ceramics could be combatted, with a silicon phosphate compound formed as one of the bonding materials; 
this is stable to approximately 1650°C. This can also be combined with ferrosilicon, and pre-cured at 125-
150°C, before firing, reducing the overall coefficient of expansion of the product, high thermal 
conductivity and high electrical resistance. 
Aside from silicate groups, phosphoric acid may also form bonds with cations. Looking to alumina 
refractory materials (Al2O3), the phosphoric acid can form a film of aluminium phosphate around each 
particle, creating a bonded ceramic. 
In addition to a review of the current knowledge, Kingery also conducted some research and identified 
that when considering the cold setting properties of phosphate bonds, phosphoric acid itself acts as a 
bonding material. The addition of other elements and compounds can also improve or detract from the 
bonding power – additions of calcium/barium decrease, and additions of aluminium, magnesium and iron 
“greatly increase its bonding power”. He reasoned that this was due to the weakly basic, or amphoteric 
nature of cations with small atomic radii (relative to phosphorous). 
Over the past 60 years these phosphate bonded ceramics have seen use in a wide variety of applications; 
from the initial field of dentistry and low temperature refractories they have been taken to uses in light 
bulbs. A phosphate bonding agent is identified to cure the seal between the glass of the bulb and the 
fixture for the wall mount, thus allowing for a near vacuum to form on the inside of tungsten filament 
bulbs 
[48]
. 
Aluminium phosphate is of particular interest as it has been shown to bond particularly well with SiC and 
carbon. When used to form a bulk ceramic of SiC, aluminium phosphate bonding has been shown to 
display excellent mechanical properties. V Marghussian 
[49]
 introduces several uses for phosphate 
bonding; particularly in refractory ceramics. There had not been much focus on the potential for 
phosphate bonding with SiC, and this was the driver of their work. SiC refractories have seen use in high 
temperature applications such as steam generating boilers, where it was identified that aluminium 
phosphate bonded SiC exhibited the best properties, including an improved modulus of rupture. 
In their own experimental work, they initially identified ortho-phosphoric acid (H3PO4) as the most 
successful binding agent. They noted that upon application of high temperature, and in an oxidising 
environment, the SiC particles generated a SiO2 layer, which could then subsequently react with the 
phosphates present to form silico-phosphates. Without this oxide layer present, bonding is not possible. In 
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using aluminium hydroxide (Al(OH)3) as an additive in the reaction, it was found bonding could be 
improved further. DTA analysis indicates that water evolution occurs at low temperatures up to 333°C, 
and that there is a further exothermic peak at 1195°C indicating the potential destruction of the binding 
phases, and potential crystallisation. 
Deng 
[50]
 followed similar work in producing an aluminium phosphate bonded silica glass fibre reinforced 
composite. They found that the addition of tetraethylorthosilicate (TEOS) could improve the bonding 
properties of aluminium phosphate, but only to a critical level. They also identified that curing 
temperatures used had a profound effect on the final product, with some bubbling noticed at differing 
temperatures. They also stated that these materials are suitable for high temperature applications. 
Chen considered the use of aluminium phosphate binders relative to Al2O3-SiC coatings on steel. They 
identified it as a suitable binder, not only for bonding the Al2O3 to the SiC, but as a successful candidate 
for bonding the coating to the substrate steel. Their methodology involved dissolving Al(OH)3 and H3PO4 
into H2O to form a clear liquid binder. This could then be cured to produce a suitable binding phase 
around the particles 
[51]
. 
Hoshii and Kojima considered the use of aluminium phosphate binders to infiltrate and laminate pre-
impregnated carbon fibre sheets as a method for preparing an alternative to Cf/C composites, with some 
success to the results showing that appreciable strengths can be achieved in the composite, indicating that 
good bonding can be achieved between the carbon fibres and aluminium phosphate 
[52]
. 
Following on from Kingery’s work with phosphates, Whittemore [53], and more recently Wagh [54][55][56] 
have dedicated research to the understanding of these bonding agents. Their individual work has jointly 
identified and developed a novel method for forming an alumina bonded ceramic. 
In creating a solution of alumina grains in phosphoric acid at room temperature, the acid works to 
dissolve the outer layer of the alumina particles into solution as aluminium ions. Heating this solution at 
130°C in a contained atmosphere for 48 hours, converts the ions to produce an aluminium hydroxide 
phosphate solution surrounding each of the alumina grains. Further heating of the solution above 150°C 
for another 48-72 hours, the hydroxide group is evaporated from the sample leaving an AlPO4 (berlinite) 
phase surrounding the remaining alumina particles. This phase is described as a bonding phase which can 
hold the alumina particles together to form a bulk ceramic. 
Coatings are already used widely in the field of Cf/C, predominantly on the fibres themselves to protect 
against oxidation at elevated temperatures. It is commonly found that the addition of aluminium 
phosphate and, or, boron in the form of boron carbide or boric acid to Cf/C composites can aid oxidation 
protection at elevated temperatures by blocking the sites on the carbon fibre where oxidation occurs, in 
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forming an aluminium phosphate, silico-phosphate or borosilicate layers around the carbon fibre 
[49] 
[57][58][59][60]
. Oxidation of carbon fibres occurs at temperatures from 450-500°C, with the rate increasing 
rapidly with temperature and subsequently leading to a decrease in the mechanical properties. Phosphate 
coatings have been identified for use as they can be inexpensive to manufacture and can easily adhere to 
Cf/C substrates, and the mixtures usually consist of phosphoric acid, phosphates and metal oxides 
dissolved. The coatings trialled in the experimentation showed little weight loss during heating, and some 
good protection to saltwater exposure. They concluded that this could be due to self-healing properties at 
elevated temperatures, where the phosphates soften at high temperatures and cover the surface of the 
carbon, forming a thin film on the protecting from oxidation attack. Anti-oxidation coatings of fibres and 
composites, is widely regarded as a necessity for the friction industry. 
It follows therefore that aluminium phosphate bonded alumina ceramics 
[54]
 is a suitable candidate for a 
coating material. It has the necessary ease and low cost of processing, and has been proven to produce 
low density ceramics with the high temperature stability required for automotive friction applications. It 
also has been shown to form reaction products and bond well with the constituents of the microstructure 
in Cf/C-SiC materials, either directly as a bonding agent, or as an anti-oxidation protection for the 
carbonaceous regions, and likewise to iron which is a predominant element featuring within typical FTF. 
There are also several simplified processing methods already existing within the literature. 
 
In summary, it is widely understood from GCI discs that a friction layer (FTF) forms on the surface of the 
pad and disc, and it is the successful formation of this layer and its interaction with the first bodies, which 
influences the coefficient of friction of the friction couple. It has been noticed that the Al-MMC, Cf/C and 
Cf/C-SiC discs exhibited poor brake performance at low temperatures, and it can be inferred that as the 
temperature rises more friction transfer film formation can occur, and thus the coefficient of friction will 
increase. Temperatures reached during friction can also have an impact upon the composition and 
subsequent quality of FTF formed. It has also been observed that the FTF consists of nano-crystalline 
particles, and in some cases TEM images have identified a secondary nano-sized layer at the top of the 
FTF. 
For Cf/C-SiC materials the issue is complicated further due to the heterogeneous nature of the first body 
surface at the disc. Detailed research and examination of the friction surfaces has identified that the 
successful deposition of the wear debris to form a FTF is highly localised, and can be separated into three 
mode types, of which only the first is desirable, and this only occurs on one minor constituent region of 
the substrate (silicon). As such, bedding-in is difficult or requires a long duration to achieve under most 
circumstances, and then the subsequent friction performance will be unstable. 
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1.8. Research Aims 
 
Ensuring that the FTF is successfully bonded with the substrate, and within itself, is the key challenge to 
finding the friction performance required of the Cf/C-SiC materials. 
The novelty in this research lies in the aims to identify if the use of surface coatings (specifically 
phosphate bonded ceramic coatings) can enable improved deposition of wear debris at the friction surface 
of Cf/C-SiC composite brake discs, by forming a bonding layer between the two across the surface, and 
in doing so enable the improved formation of FTF, and the subsequent improvement in friction 
performance. 
Furthermore, through microstructural characterisation of the samples this research aims to understand the 
interactions between the coating, and any formed FTF, along with how any effects have been caused, and 
what effect this may have on the remainder of the substrate surface and longevity of friction performance. 
Accordingly, with improved FTF formation, there should be an observable improvement in friction 
performance shown in the data, and the stability thereof.  
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2. Experimental Procedure and Preliminary Evaluations 
 
This chapter discusses the test methodology and equipment used for friction testing of the coated and 
standard materials, the processing techniques used for preparing said materials, and the characterisation 
techniques used for evaluating the friction surfaces developed, as observed after testing along with some 
of the trial friction testing on the laboratory dynamometer. 
 
2.1. Experimental Procedure Overview 
 
 
Figure 2.1 – Flow chart outlining the experimental process followed throughout this PhD research 
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Figure 2.1 presents a flow chart created as a pictorial representation of the research routes utilised 
throughout this PhD research. Initial work focused on the coating formulation development concentrating 
on two primary factors of Powder Particle Size and the Powder : Acid Ratio. This initial work was 
conducted by evaluating the coating curing behaviour on small samples (triangular segments 
approximately 15-20mm in size) of the Cf/C-SiC material. Based on the outcomes of this work a range of 
formulations were developed and trialled on small scale laboratory friction discs, and friction tested as 
such. Using the friction testing results along with some characterisation of the friction surfaces using 
Optical and Scanning Electron Microscopy (OM and SEM) three candidates were selected to be friction 
tested on industry-scale friction dynamometers. During this industry-scale testing it would have been 
impractical to investigate and characterise the entire friction surface for each disc, and so it was decided 
that core samples would be taken at key and convenient intervals in the test schedules, as described 
further in section 2.4. These cores could then be analysed similarly to the lab-scale samples for friction 
surface evaluation. 
All coatings were manufactured, applied and cured by this researcher on site at Loughborough University 
before transportation to the respective industry partners for friction testing. 
 
2.2. Materials Used for Friction Testing, and Their Preparation 
 
2.2.1. Cf/C-SiC Brake Disc Material 
 
The Cf/C-SiC material used throughout this research is supplied by a commercial manufacturer and 
sponsor of this research. The samples arrive as a post-production brake disc complete with surface 
finishing steps excepting cross-drilled holes. As such the material can be considered as representative of 
that available in the marketplace. The bulk material is manufactured from a continuous 3D-woven fibre 
type, as opposed to the bundled fibre type. 
For the production of the laboratory scale friction discs and small scale samples for coatings trials, the 
supplied brake disc is machined using a combination of a diamond-coated tile saw (Belle Maxitile 260), 
resin bonded diamond coated drill bits and hole-saws (THK Diamond Tools, Hong Kong), and resin 
bonded diamond coated grinding wheels (PBR Abrasives, Woverhampton, UK), on a combination 
milling/drilling/surface grinding machine (Axminster SIEG U2 Mill/Drill/Grinder, Devon, UK) through a 
variety of stages to produce small disc samples of φ60mm x 10mm – see Figure 2.2. Additionally, two 
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countersunk mounting holes are drilled near to the centre of the disc to mount the samples to the 
laboratory scale dynamometer for testing. 
The back face of each disc is machined using a wheel surface grinder to ensure that the back and front 
faces of the disc are parallel to eliminate statistical inaccuracies arising from uneven pressure distribution 
during testing as a result of what is more commonly referred to as disc thickness variation (DTV). Each 
sample is prepared in order to use the manufacturer’s original friction surface as the testing face, with no 
machining carried out on this front face to maintain this standard (with the exception of drill holes for 
mounting). 
Throughout machining the samples are lubricated and cooled using flowing water or machining lubricant 
to ensure the samples do not become overheated and damaged prior to friction testing. Once all 
machining is complete the samples are cleaned of to remove lubricant contaminants and machining debris 
by rinsing in tap water, placing in an ultrasonic bath (UD150SH-6L, Ultrasonic Cleaner) in distilled water 
for 20 minutes, followed by an additional 20 minutes in an ultrasonic bath with acetone. The samples are 
then dried in a fan-assisted oven (Genlab OV200) for 2 hours at 100°C to remove any excess moisture. 
The samples are then stored in sealed laboratory sample bags until they are required. 
 
Figure 2.2 – φ60mm Cf/C-SiC disc cut and machined ready for laboratory scale friction testing 
 
The images in Figure 2.3 show the microstructure of the Cf/C-SiC surface before any testing has been 
conducted. In a), the image shows a highly polished surface which enables the viewer to identify the key 
features and constituents of the surface; the carbon fibre regions are clearly distinguishable from the Si 
and SiC regions (as labelled). The carbon fibre bundles are generally aligned, with the SiC and Si regions 
in between these. Also observable is the pyrolysed carbon (pyC) which surrounds the carbon fibre 
bundles. The image shown in b) is taken of the shows the as-machined pre-friction testing surface of the 
same material, used throughout this research during friction testing. In the image the distinction between 
the carbon fibre bundles, the pyrolysed carbon surrounding these and the ceramic regions is less clear. It 
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is also apparent that there are some relatively large voids seen in both images, believed to have formed 
from dislodged material during machining. The void in the top right of b) in particular is approximately 
0.2mm in diameter. These images are useful to refer to when comparing the as-tested friction surfaces. 
 
  
Figure 2.3 – Optical Microscopy images of the Cf/C-SiC surface prior to friction testing. a) shows the polished surface as described by Wang  
[36]
, and b) shows the unpolished ‘as-machined’ surface used during friction testing in this research 
 
2.2.2. Organic Friction Material, ‘Pad’ 
 
All friction testing is carried out against a brake pad, or what is referred to in industry as a friction 
material. The friction material is derived from a not commercially available NAO compound specifically 
developed for Cf/C-SiC brake discs, and has been donated by a commercial manufacturer and industrial 
sponsor. Due to the sizing restrictions of the LU laboratory scale dynamometer, this must be supplied to 
specific unique dimensions. For the purposes of this research work the pad compound is designated 
RB010 and can be assumed consistent for all testing, unless stated otherwise. 
The exact formulation for the pad is not disclosed for the purposes of this research, and as such is not a 
focus of this investigation. What is known is that the compound consists of a multitude of polymeric, 
metallic and ceramic components, in fibrous or particulate form, of varying sizes and dimensions. 
Primary constituents are the resin matrix, with iron and copper based particulates. An image of the 
untested friction material as mounted to a brass mounting plate, can be seen in Figure 2.4. 
a) b) 
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Figure 2.4 – φ50mm Pad material prior to machining 
 
All laboratory-scale friction testing samples were machined to the schematic shown in Figure 2.5. 
 
Figure 2.5 – Schematic of the machined Disc (left) and Pad (right) as used for laboratory scale testing. Dashed area on Disc indicates 
position of the friction track. 
 
2.3. Friction Testing – Laboratory Dynamometer 
 
All laboratory based friction testing is carried out on a scaled-down friction dynamometer (Figure 2.6). 
This friction dynamometer works on the principle of using pneumatic pressure to turn a small turbine, 
which via a series of shafts connects to a toothed belt, which in turn drives an output shaft. At the end of 
this output shaft, any Disc samples are mounted on to an adapter plate. 
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Figure 2.6 – a) Laboratory scale friction dynamometer, and b) overview of the testing set-up 
 
When the dynamometer is set to run this output shaft is set to accelerate to a desired rotational speed, in 
this case, of 10000rpm. At this point a foot pedal is depressed by the user. This is not a modulated pedal 
as would be found in a vehicle, but an on/off switch. A solenoid then diverts the pressurised air to the 
Pad. This removes any force applied to turning the Disc, and pushes the Pad against the Disc surface with 
a normal force, in this situation of 500N. This creates a turning force opposing the rotation of the Disc 
and as such slows the rotation to bring it to a complete stop. This pressure is applied until the foot pedal is 
released. Allowing a period of 4 seconds for the data logger to record the full dataset; the user then 
releases the foot pedal, and the Pad retracts from the Disc surface. Simultaneously, the pressurised air is 
diverted back to the turbine and the Disc is accelerated to 10000rpm again. This procedure is referred to 
as 1 stop, and takes approximately 20 seconds from beginning to end. This is repeated as per the test 
requirements. 
As described above, the test applies a constant normal force to the surface of the disc. This is translated 
into a torque which turns the shaft on which the Pad is mounted. This torque generated is converted into a 
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normal force acting on the calibrated load cell, via the torque arm shown in Figure 2.6 b), and this is 
automatically logged using a data logger, along with other information such as rotational speed. The data 
can then be output as a .csv file, and using a program such as Microsoft Excel in conjunction with a pre-
written macro, data analysis can be conducted to calculate the coefficient of friction (µ), throughout the 
test. This can give the average coefficient of friction value and indicate any in-stop coefficient of friction 
trend. 
Throughout this research, the samples are placed through the following test procedure. Initially the 
friction couple are tested through 5 primary stops at low pressure and low speed (150N normal force on 
the pad, applied at 7000rpm) to ‘burnish’ or ‘green’ the disc, prior to bedding.  he pressure and speed is 
then increased to 500N and 10000rpm (as described above) for a further 200 stops in a continuous test 
cycle. 
The rotational speed of the disc at the outer and inner contact points of the friction couple at the initial 
point of contact will be 26 and 21 m/s respectively. This is designed to give a consistent screening test, 
which is relevant to industrial scale testing. The aim is to allow for the friction couple to bed-in, and as 
such for the friction coefficient to stabilise where possible. The disc is then removed for characterisation. 
 
2.4. Friction Testing – Industry Dynamometers 
 
2.4.1. Industry Dynamometer 1 (ID1) 
 
The first stage of full scale testing was carried out at Federal Mogul Ltd, Chapel-en-le-Frith, Derbyshire, 
UK, using their standardised and calibrated friction dynamometers. All testing followed a well-
established friction testing regime, following the industry standard AK Master test to meet BS EN 
1561:1997 standards. 
The dynamometer runs from an electric motor with a variable inertia flywheel, allowing for varying 
vehicle loads to be considered. This ensures testing is relevant for a wide variety of vehicles from small 
consumer cars to heavy goods vehicles, and in the extreme to replicate the high inertia and long duration 
constant pressure friction conditions seen on a railway friction brake. Two inertia levels are used through 
the testing carried out here, the majority of the test is conducted at 78.4 kgm
2
 (replicating that seen on 
sports cars such as a Porsche 911) and is changed to 168 kgm
2
 for the railway replication sections as 
described below. The motor is connected to a driveshaft spinning an adapter plate or hub, to which the 
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brake disc is mounted. Attached to the rig is an original equipment manufacturer (OEM) disc brake 
calliper set-up, fixed in position. 
Excepting for rotational motion, the disc is fixed in position, which means that the tests are not subjected 
to external forces such as lateral (vertical or horizontal) or longitudinal motions, as could be expected on 
a vehicle. This allows for greater correlation between testing of different friction samples. Any 
dynamometer testing can then be replicated using a series of on-vehicle tests for comparison, where 
necessary. Dynamometer testing of different friction material compounds can allow for the refinement 
and /or elimination of poorly performing friction couples without the requirement for extensive and 
expensive on-vehicle testing. 
The friction test runs through several predetermined sections to simulate different driving environments 
as might be experienced through a typical usage pattern, including extremes of temperature. The sections 
vary, and operate by controlling the pressure applied, the initial temperature for each snub, or a 
predetermined deceleration value. 
Through each test the weight and thickness variations in the disc and pad are measured to determine wear 
rates; the surface temperatures of the disc, the applied pressure through the pads, the rotational speed, and 
the applied torque are all logged and recorded, and from this data the coefficient of friction (µ) at any 
moment is determined. This is then used to calculate the average coefficient of friction for each snub. A 
snub is the term given for each individual braking event; the term stop is often interchanged with snub, 
but specifically refers to a brake snub resulting in a final rotational speed of zero, i.e. where the brake has 
stopped rotating. The data is then output to a standardised format (pdf) which shows the in-snub and 
average coefficient of friction values for all or specific predetermined snubs depending on the section, 
along with one or more of the other recorded values such as temperature. 
The friction test schedule for ID1 can be broadly split into six key phases; 
I. Bedding (segments 1-3): The initial friction performance of any friction couple, and is set to 
replicate the desired bedding-in phase as might be seen on a vehicle. Inertia is set to 78.4 kgm
2
.  
II. Speed/Pressure Sensitivity (segments 4-5): Speed/Pressure sensitivity is separated into 5 segments 
of 8 snubs. Through each section the pressure applied increases in 10 bar increments through 10 to 
80 bar, and through each subsequent section the snub is constrained by start and finish speed, 
increasing from one section to the next. Varying the speed and pressure conditions after bedding 
helps to understand the effects of speed and pressure upon performance, and to simulate the 
variation seen under normal operating conditions. 
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III. Cold/Motorway Snub (segments 6-8): Replicating sudden rapid braking with cold brakes, 
replicating conditions found after driving for long periods on the motorway prior to a stop at an 
exit, for example. 
IV. Temperature/Fade excursions (segments 9-19): Friction performance under high temperature 
operating conditions, replicating extreme use such as high speed road driving or on a track day 
(where owners pay to drive their  vehicle on a race track, and as such braking systems see severe 
operating conditions). 
V. Railway (segments 21-22.3): This series includes a friction check and 3 snubs from 1950 – 0 rpm 
at predetermined pressures to replicate various stopping scenarios on a railway. The test has an 
automatic cut-out if the surface temperature of the Disc reaches above 700°C. Inertia is increased 
at the beginning of this section to 168 kgm
2
. 
VI. Wet Friction (segments 23-27): Water is sprayed onto the Disc and Pad whilst stationary to 
replicate the effect of rain or spray picked up from the road during driving. The test then runs 
through a series of stops to monitor any initial or longer term alterations in friction performance. 
Inertia is reduced to 78.4 kgm
2
 at the beginning of this section. 
 
 
Figure 2.7 – an example plot taken from the test results of a standard material test on ID1. Temperature profile through each stop is shown 
in red (°C), the green line is the applied torque (Nm), the pink line is the applied pressure (bar), and the speed (rpm) is shown in black. The 
blue line in each is the calculated coefficient of friction, µ. In Section 21, through each brake application, or snub, there is an in-snub trace 
in blue, with a dot at the centre showing the average coefficient of friction for that snub. 
 
Throughout the test after each phase there is a Characteristic value segment; this is a set of 6 snubs set to 
the same conditions each time to monitor any effect on the base friction level of the couple. 
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All testing was carried out from start to finish with no breaks, pauses or interruptions. Post-friction core 
samples were removed, 2 from each friction face, at LU using 6mm diamond-coated hole saws (THK 
Diamond Tools, Hong Kong) to enable the post-friction characterisation and analysis discussed later. 
Figure 2.7 shows an example plot taken from a standardised output of the test results from ID1. 
 
2.4.2. Industry Dynamometer 2 (ID2) 
 
  
Figure 2.8 – Industry Dynamometer 2 (ID2) set up for testing under a) dry friction testing conditions, and b) wet friction testing conditions 
 
Selected samples were put forward for an in-depth testing program at Alcon Components Ltd, Tamworth, 
UK. This dynamometer operates on a very similar principle to the Federal-Mogul dynamometer above 
(ID1), the key difference being the increased capacity of inertia ranges which allows for an increased 
potential for different disc/pad configurations. The rig has been specifically designed to incorporate a wet 
friction chamber which can provide more controllable wet-friction conditions, providing a closer 
comparison with the most extreme anticipated in real world conditions. All tests conducted on this 
dynamometer were carried out at a lower inertia level than that seen on ID1, with ID2 inertia set at 63.4 
kgm
2
, and is equivalent to a consumer vehicle specified by the project sponsors. This reduced inertia 
reduces the total energy input into the disc, and as such will have an effect on factors such as brake 
surface temperatures (likely to be lower, assuming all other factors remain the same). This allows for 
evaluation of friction performance across a broader range of expected in-service conditions (through all 
tests conducted). Figure 2.8 a) and b) shows ID2 set up for testing under dry and wet friction conditions, 
respectively. 
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The test schedule for this dynamometer can likewise be broken down into six key phases, as follows; 
I. Bedding (segments 1-3): The initial friction performance of the friction couple, and includes the 
Speed/Pressure segments as described on ID1. This regime can give a good impression of the 
stability of friction through varying driving conditions, immediately after bedding. 
II. Wet Friction 1: Designed to replicate extreme wet friction conditions as seen on road vehicles. A 
wet friction chamber is fitted around the Disc and Pad assembly on the dynamometer, as shown in 
Figure 2.7 b). The disc is rotated slowly whilst water is sprayed onto the surface for 10 minutes 
before going through 6 snubs of 80 -> 30 km/h at 30 bar. Water is then applied for a further 10 
minutes and the 6 snubs are repeated. 
III. Wet Recovery: The disc is tested under dry conditions, and post-wet friction is monitored through 
a repeat of the pressure/speed sensitivity cycles. Friction performance can be seen to fall through 
wet friction applications and then recover during the dry section following, hence the term Wet 
Recovery. 
IV. High Temperature excursions:  High temperature fade performance is examined to replicate the 
extreme braking conditions which might be seen from high speed motorways snubs and high 
speed road driving. 
V. Wet Friction 2: Repeat of Wet Friction 1 to identify of the high temperature effects seen in IV 
have had any impact upon wet friction performance. 
VI. High Speed Fade: Sustained very high temperature performance, such as might be seen on a track 
day or similar. 
 
 
Figure 2.9 – An example plot taken from the test results for the standard Cf/C-SiC material as tested on ID2. The temperature profile 
through each snub is shown in green (°C). The blue line in each is the calculated coefficient of friction, µ, through each snub, and the red 
circle at the centre of each shows the average coefficient of friction for that snub. 
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The disc and pad are removed from the dynamometer after each phase so that weight and thickness can be 
recorded, to monitor wear behaviour, with images taken to show an overall friction surface condition. 
After each phase described above a small core is removed from either face of the disc for characterisation 
at LU, a total of 12 for each tested disc. This enables the researcher to conduct a more thorough 
examination of the friction surface in comparison with the prior testing phase in order to assist in drawing 
any observations or conclusions. Figure 2.9 shows an example plot taken from a standardised output of 
the test results from ID2. 
 
2.5. Characterisation Techniques 
 
Qualitative analysis of friction performance requires analysis of the microstructure of the surface of the 
samples after different phases of friction testing. By noting the observed changes in the surface structure, 
in conjunction with understanding the friction testing data, features of the microstructure which either 
cause improvements or reductions in the friction performance can be identified. It is the formation (or 
lack thereof) of the friction transferred wear debris layer (FTF) with which the primary focus is aimed. 
 
2.5.1. Optical Microscopy 
 
Optical Microscopy (OM) is used to observe any changes to the friction surface at low magnification, 
using polarised light conditions to help identify different phases within the surface. This is a very useful 
tool to give an initial impression of the overall condition of the friction surface. The friction surface is 
analysed at each stage using a reflected light microscope, an MEF3 optical microscope (Reichert-Jung, 
Wien, Austria) at x5, x10, x20 and x50 magnification levels. Scale bars are used in all images presented. 
 
2.5.2. Scanning Election Microscopy 
 
A more thorough analysis and characterisation was carried out by Field Emission Gun Scanning Electron 
Microscopy (FEGSEM) (Carl Zeiss Leo S1530 VP, Cambridge Instruments, Cambridge, UK) images in 
conjunction with Energy Dispersive X-ray analysis (EDX) to identify the elements present at the friction 
surface, and of any identified interesting features of the microstructure. In most cases the accelerating 
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voltage was set to 5 keV for images conditions, with varying voltages used where further information was 
deemed required. All images were collected under SE2 conditions. Using electron microscopy can give 
the user a more textural analysis of the friction surface along with higher quality and higher magnification 
images. 
EDX analysis was carried out using an X-Max 80mm
2
 detector (Oxford Instruments, UK), with data 
collected and analysed using the provided AZTEC 2.0 software (Oxford Instruments, UK). All readings 
were taken at an approximate working distance of 8.5mm, using 10kV accelerating voltage, unless 
specified otherwise. Two methods were utilised, EDX spectra were taken in the first instance, and during 
the period of research the detector was upgraded which enabled EDX mapping to be utilised. This is 
preferable so as to enable the researcher to map the elements throughout the friction surface, and where 
possible, help to identify any original coatings present owing to the unique structure and elemental 
composition (in comparison with typical Cf/C-SiC friction surfaces). 
At the magnification levels required, even the slightest vibrations can cause instability and wobble in the 
image, and is particularly an issue with the EDX mapping. This is mitigated as best as possible at all 
stages through the use of high purity aluminium stubs (AGAR Scientific, Essex, UK). The core samples 
were affixed to the stubs using ElectroDAG (AGAR Scientific, Essex, UK), which is also used to 
improve the conductivity of the samples enabling improved quality of any images taken and in any EDX 
data recorded. 
 
2.5.3. Transmission Electron Microscopy 
 
Transmission Electron Microscopy (TEM) is used to examine very small samples of thin cross-section 
material, typically 10 x 6 µm, and 200 nm thick. The TEM used in this research, a JEOL 2000 FX (JEOL 
Instruments). Using high resolution electron microscopy images, the microstructure can be examined to a 
sub-nanometre resolution. Additionally, this TEM has the capability to monitor the elements present 
using EDX spectra, and X-ray diffraction can be used to evaluate the crystallographic nature of the 
materials. In the course of this research thin samples were removed from the friction surface using a 
Focussed Ion Beam SEM (Nova 600 Nanolab Dual Beam, FEI). This allowed for the evaluation of the 
microstructure directly below specific regions (FTF) of the friction surface (<10 µm), and therefore 
concentrating on the structure of any friction transferred wear debris formed, and it’s interaction with the 
substrate below. Sample preparation using FIB-SEM is discussed in more detail in Chapter 7.  
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2.6. Coating Formulation and Development 
 
2.6.1. Aluminium Phosphate Coatings 
 
Using the work by D Chen 
[51]
 as a guideline, several formulations were trialled using aluminium 
hydroxide (Al(OH)3, Sigma Aldrich) and phosphoric acid (H3PO4, >99% purity, Sigma Aldrich) 
dissolved into distilled H2O at 60°C, and stirred using a magnetic stirrer combined hotplate for a 
minimum of 300 seconds, until the solution became clear and transparent indicating that all components 
had been fully dissolved. From this it was found that the quantities of Al(OH)3 and H3PO4,  such that the 
molar ratio of Al:P was 1:4, produced a formulation where all constituents could dissolve readily, and 
would be suitable for applying to the surface of Cf/C-SiC materials by brushing. 
This formulation was brushed onto the surface of cleaned and prepared Cf/C-SiC discs and heated at 
200°C in an atmospheric oven for 120 minutes. After this a second application of coating was carried out 
by brushing, followed by a further 120 minutes in the oven. This was repeated for a third time. After this, 
the samples were placed into a Lenton Tube Furnace (LTF1700, Lenton Furnaces, UK) and heated to 
800°C at a rate 3°C/minute, before dwelling for 120 minutes. After this the furnace was allowed to cool to 
ambient at a rate of 1°C/minute. The produced aluminium phosphate coating had a ‘bubbled’, white-grey 
appearance, with some widespread flaking. 
 
Figure 2.10 – Friction testing results of Standard Material and two discs coated with the aluminium phosphate (AP) coatings 
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Figure 2.10 shows the friction testing results taken from the small scale dynamometer testing conducted 
at LU on two small disc samples coated with the same aluminium phosphate coating as described, 
compared with that of a Standard Material disc. As the figure shows, the coefficient of friction for the 
standard material begins at a reasonable, but low, level of 0.25. This remains constant for the first 60 
stops, at which point the friction level begins to rise slowly. It rises steadily until around 140 stops to a 
value of 0.34. This value is more consistent with that expected of a bedded disc. From here to the end of 
the test at 200 stops the coefficient of friction is rising still, but very slowly to a final value around 0.36. 
In comparison, the AP Coated 1 disc begins with an initial coefficient of friction of 0.31, rising quickly to 
0.34 within 5 stops. This rises further to 0.37 within 40 stops where the coefficient of friction remains to 
the end of the test at 220 stops. AP Coated 2 begins at a lower coefficient of friction of 0.27, but is still an 
improvement over the Standard Material. This then rises to reach a value of 0.35 within 25 stops, and 
then rises slightly further to 0.36 where it remains to the end of the test at 212 stops. 
Both coated discs have shown improved initial friction with a quicker response to bedding, both reaching 
a coefficient of friction of 0.35 within  5 stops, which the Standard Material doesn’t achieve until 170 
stops. Likewise, both of the coated discs show very stable coefficients from around 40 stops onwards, and 
both reach higher final values than seen on the Standard Material. 
Research with this formulation and coating method was not taken further as facilities were not available 
with which to cure the coatings, particularly the stage requiring a furnace at 800°C, of sufficient chamber 
size to fit full size discs of Ø 350mm. With available facilities to continue this section of the research, 
then this may prove a viable candidate for further study in the future. 
  
2.6.2. PVD SiC Coating 
 
In parallel to the initial aluminium phosphate coating development work, a silicon carbide based coating 
was put through an evaluation trial at the request of the project sponsor. A small Cf/C-SiC disc was 
coated via physical vapour deposition (PVD) with a coating of silicon and carbon in the ratio of 1:1, to a 
thickness of 3µm (Teer Coatings, UK). This coated disc was tested on the laboratory scale friction 
dynamometer under the same conditions as the previous tests, but only to 50 stops (as this was a 
screening test only). 
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Figure 2.11 – Friction testing results of the Standard material and a PVD coated Cf/C-SiC disc 
 
As can be seen in Figure 2.11, the Standard material begins with a reasonable starting coefficient of 
friction level around 0.28 and rises steadily over 30 stops to reach 0.38. This rise in the coefficient of 
friction then begins to slow down, but continues rising slightly all the way to 50 stops with a value of 
0.39-0.40. In comparison, the PVD coated disc begins almost identically at 0.28, and then rises more 
slowly through the first 30 stops to 0.35. At this point this disc also displays a stabilising effect and the 
rise in the coefficient of friction slows to a final value of 0.36. 
Both discs exhibit almost identical trends, whereby during the friction stabilisation phase both discs rise 
slowly with little fluctuation in the coefficient of friction, and then begin to see some stabilisation in the 
overall coefficient at between 25 to 30 stops. At this point, both discs begin to display greater fluctuations 
between stops and by almost the same proportion also. 
This is only a very brief test of one disc, and so no conclusions should be drawn as to the true 
effectiveness of this coating and method without further testing. This method and coating did not fit 
within the overall methodology of this research, but may be perhaps beneficial to aid reduction in wear of 
the Cf/C-SiC disc, and so should not be discounted entirely and may be beneficial under different 
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circumstances. It was collectively decided (as part of the overall project), however, at this stage that there 
were no noticeable friction benefits of the coating, and when the high cost of PVD coating the small 
sample was taken into consideration, in addition to existing disc manufacturing costs, it was decided to be 
a non-viable option for future commercialisation. As such, no further work was conducted on this coating 
or method. 
 
2.6.3. Phosphate Bonded Ceramic Coatings Development 
  
It was from the initial work discussed briefly in 2.6.1 which identified aluminium phosphate as a suitable 
candidate that the subsequent coatings followed. The coating preparation technique used throughout this 
research was developed as described below, based broadly on the methodology from the prior research 
conducted and set out in the literature 
[54]
. The material used throughout is aluminium oxide (Al2O3) 
powder (Sigma Aldrich, 10 µm, >99.7% purity), distilled water (H2O), and phosphoric acid (H3PO4) in 
crystalline form. 
The phosphoric acid used throughout is made from the dissolution of the H3PO4 crystals in distilled water 
at ambient temperature, mechanically stirred for 30 minutes. Throughout the formulation development 
H3PO4 is weighed (OHAUS Discovery) and added to distilled H2O to give a 50wt% Phosphoric Acid 
solution. 
Initial investigatory work was carried out by coating small samples of Cf/C-SiC material machined from 
as manufactured brake discs supplied by the original manufacturer. All samples were cleaned in acetone 
in an ultrasonic bath for 30 minutes, so as to remove any trace contaminants from manufacturing and 
machining, and subsequently dried in a fan-assisted oven at 100°C for 2 hours. 
Primary coating formulation development focused on controlling two key parameters in order to identify 
a suitable formulation, namely the powder: acid ratio, and powder particle size. 
 
2.6.3.1. Powder : Acid ratio 
 
The literature suggests that an equivalent Alumina: Acid ratio of 5:1 is the most suitable for producing 
bulk ceramic components using this technique, using the selected powder particle size 
[56]
. As the 
application and the powder particle size are different for the research conducted as part of this PhD, this 
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was investigated in the first instance. The ratios of 1:1, 2:1, 3:1, 4:1, 5:1, and 6:1 were investigated, to see 
which would produce the most suitable cured coatings. The targeted coatings were required to be suitable 
for manual application (e.g. brushing or painting) on to the substrate, well integrated with the substrate, 
and to exhibit little to no cracking. Once coatings were applied and cured, investigation through 
examination of images taken using the FEGSEM was carried out to identify any interesting features. 
Notable outcomes were; 
 High powder ratio formulations were highly viscous, and in the extremes remained very powdery. 
This made them difficult to work and apply to the Cf/C-SiC substrate evenly. 
 High powder ratio cured coatings delaminated from the substrate easily (see Figure 2.12 a)). 
 Under SEM conditions it was observed that all coatings were highly porous and poorly 
consolidated. (see Figure 2.12 c)). 
 Low powder ratio formulations were very fluid, making them difficult to apply to the Cf/C-SiC 
substrate 
 Low powder ratio cured coatings exhibited large pores, visible to the naked eye, from excess 
liquid evolution during curing (see Figure 2.12 b)). 
 SEM images showed that very low quantities of binding phase formed between the particles (see 
Figure 2.12 d)), and a large number of cracks formed throughout the coatings. 
For the samples made using the ratio of 4:1 (see Figure 2.12 a)) the coating did not display any of the 
bubbling seen with lower ratios, and generally exhibited less of the cracking or delaminating seen in the 
higher ratio samples. At this ratio, the formulation had a suitable consistency as a pourable viscous fluid. 
From this work, it was identified that a ratio near to 4:1 would be required to give a good compromise 
between ensuring all powder particles were covered, and to provide a suitable viscosity of coating for 
ease and consistency of application. 
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Figure 2.12 – Photographs of cured trial coatings a) 4:1, and b) 3:1, and SEM images of the fracture surfaces of c) 5:1 sample, and d) 2:1 
sample, during the alumina: acid ratio investigative work 
 
2.6.3.2. Powder Particle Size 
 
The powders used in the initial trials were as-supplied powders from Sigma Aldrich as above, and as seen 
in the SEM images during the initial trials (Figure 2.12 c) and d)) they had a large powder particle size 
around <10 µm, with few particles seen to be significantly smaller than this. This meant that during 
application and curing the particles in the coating could not consolidate successfully, which in turn 
partially led to a large number of pores visible in the final coating (see Figure 2.13 a) for example). By 
milling the powders, the particle size can be reduced and a graduated particle size distribution could be 
used, such that the larger particles would fit together as seen above, with the smaller particles filling the 
gaps in between allowing a greater level of consolidation and reduced porosity to be achieved (Figure 
2.13 b)). Likewise, the surface of the Cf/C-SiC substrate has lot of pores, but most are <10 µm in 
diameter. In order to ensure that the coating could fill any pores in the surface also, it is vital to reduce the 
powder particle size. 
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Figure 2.13 – Example powder particle packing arrangements with a) un-milled and b) milled powders 
 
Investigation was carried out into the effect of milling the powders for a variety of durations, and 
subsequently any effect this had on the coating. The alumina powders were attrition milled using 3mm 
zirconia milling balls (Union Process, China) in acetone at 300rpm, in a water cooled attrition miller (01-
HD Attrition Miller, Union Process, China), for various durations ranging from 1 – 24 hours.  The slurry 
was removed and drained from the attrition miller, and the zirconia balls rinsed of any remaining powder 
with acetone. The powder/acetone mix was dried in a fan-assisted oven for several hours, to evaporate the 
acetone and leave dry powder only. This is transferred to and stored in a sealed sample bag. 
The powders were then evaluated for their powder particle size using a Malvern Instruments Mastersizer 
2000. The powders were dispersed into distilled water and added to the Mastersizer’s sampling beaker, 
and were subsequently ultrasonicated for 3 minutes to reduce agglomeration. During measuring the 
mixture was stirred by the stirring arm at 3000rpm, with 2000 scans measured per set, and 7 sets taken 
per sample. Figure 2.14 shows some of the powder particle size distributions achieved using this milling 
method. 
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Figure 2.14 – Attrition milled alumina powder particle size analysis a) un-milled, b) 2 hours, c) 8 hours, and d) 24 hours milled 
 
Using these milled alumina powders, samples were made to the ratio 4:1 as identified in the earlier 
powder : acid ratio investigations. It was found that with the longer duration milled powders the coatings 
cracked (visible to the naked eye) during curing and could be delaminated from the surface easily by 
scratching with a fingernail (Figure 2.15 b)). The coatings made from the shorter duration milled powders 
were found to bubble and crack during curing, similar to those found with the un-milled powders. A good 
compromise was found with the coating made from the 8 hour milled powder (Figure 2.15 a)). From the 
powder particle size analysis it can be seen that this had a good powder particle size distribution making it 
suitable for coating and filling the pores on the Cf/C-SiC substrate, and from the coating trials provided a 
crack-free coating (to the naked eye), and it was not possible to delaminate the coating from the substrate 
by scratching with a fingernail. The coatings were examined under SEM conditions (Figure 2.16 a)) a few 
cracks were found but were far smaller and fewer than seen with alternative powders. 
 
  
Figure 2.15 – Photographs of samples from powder particle size analysis trials with a) 8 hour, and b) 24 hour milled powders 
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Figure 2.16 – a) SEM image of cured 8 hour milled powder coating (Coating 1), b) photo of Coating 1 applied to laboratory scale Cf/C-SiC 
disc 
 
The 8 hour milled powder was used for all remaining coating formulations, and this powder with a 
formulation in the ratio 4:1 (alumina : phosphoric acid) is used as Coating 1. During coating preparation 
the alumina powder is always added in small quantities to allow for homogeneous mixing. 
 
2.6.3.3. Additives 
 
As discussed in Chapter 1, it was identified that the addition of boron carbide and boric acid to phosphate 
based antioxidant coatings can have the effect of protecting the substrate from oxidation by forming 
borosilicate layers. It was decided based upon this to trial using these as additives within the phosphate 
bonded ceramic coatings (Coating 1). 
 
2.6.3.3.1. Coating 2 
 
The first additive used in the formulation is boron carbide powder (Gloeckler GmbH, F1200 grit B4C). 
This was added into the Coating 1 formulation to approximately 5 wt%. This small increase in powder 
content had a thickening effect on the viscosity of the formulation, which made the process of coating the 
samples more difficult. Advantageously, this had little impact upon the curing behaviour of the coating, 
with no signs of cracking or delamination from the Cf/C-SiC substrate observed. The addition of the 
boron carbide has also changed the colour of the coating to a light grey colour, more similar to the 
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original disc surface. Figure 2.17 shows an image of the cured coating applied to a full size brake disc 
ready for testing on Industrial Dynamometer 1 (ID1). 
 
 
Figure 2.17 – Photograph of Coating 2 as applied to full size brake disc for testing on ID1 
 
2.6.3.3.2. Coating 3 
 
In the case of Coating 3, the base formulation (Coating 1) was used again, this time with boric acid 
(H3BO3) (Sigma Aldrich, >99.5% purity). Crystalline H3BO3 was dissolved in distilled water to form a 
2wt% boric acid solution. This is low in concentration due to the low solubility of boric acid in water at 
room temperature. This was then added to the base formulation in a ratio of 10 : 1 (Phosphoric Acid : 
Boric Acid), constantly stirred by a mechanical stirrer during mixing to ensure homogeneity to the 
solution. The increased liquid content from the additional acid reduced the viscosity of the formulation. 
Owing to the less viscous nature this made the task of spreading the coating easier, but ensuring an even 
finish across the surface more difficult, and as a result there were a few small regions of minor 
transparency to the naked eye. Figure 2.18 shows an image of the cured Coating 3 as applied to a full size 
brake disc ready for testing on Industrial Dynamometer 2 (ID2). 
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Figure 2.18 – Photograph of Coating 3 as applied to full size brake disc for testing on ID2 
 
2.6.4. Full Size Disc Preparation and Coating Application 
 
For all full size discs the surface is rinsed with acetone and wiped to remove residue from manufacture 
and machining. The prepared coating is then applied by pouring or dripping an appropriate amount onto 
the surface, before brushing across the friction face of the substrate surface. This is then spread using a 
plasterer’s scrape with a reasonable pressure from the user to achieve as homogeneously spread coating as 
possible by hand, attempting to obtain an even and thin finish across the surface. The disc is then turned 
over and the coating process is repeated for the opposite friction face. 
The disc is then placed in a container, supported on bolts through the mounting holes of the disc to 
prevent contact with the container, and sealed to atmosphere to go through the first stage curing process, 
in a pre-heated oven at 130°C for 48 hours. The lid to the container is then removed, and the second stage 
of curing in the same oven at 155°C for a further 48 hours. Once finished, the disc is left to cool before 
being packaged in a polystyrene lined cardboard box for transportation to the relevant testing facility. 
 
2.6.5. Coating Characterisation 
 
The coatings were characterised using FEGSEM with EDX to gain some images of the cured samples, 
and to gain some EDX spectra and maps of the cured samples. 
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2.6.5.1. Coating 1 
 
Under SEM conditions (Figure 2.19 a)) we can see that the coating is smooth and homogenous, with no 
visible cracks which may have occurred from the curing process. At higher magnifications (Figure 2.19 
b)) it can be observed that the particles have a good range of sizes (as shown from the powder particle 
size analysis, Figure 2.14 c)). This has helped the coating to consolidate with reasonable effect. At higher 
magnifications it is apparent that this could be improved further to reduce porosity, presumed to be 
caused by drying during curing, leaving open channels as pores. There is a visible smooth layer or phase 
connecting the particles together throughout. 
  
Figure 2.19 – SEM images of Coating 1 
 
Figure 2.20 a) shows an SEM image of a typical region of Coating 1, along with some corresponding 
EDX maps for oxygen, aluminium and phosphorous. The x-ray counts are detected by a silicon drift 
detector (Oxford Instruments X-Max SDD X-Ray Detector, 80mm
2
), with the number of counts recorded 
at each pixel in the area being mapped. This means that as the concentration of a specific energy level x-
ray detected increases, this is shown as increased brightness of the corresponding colour in the 
corresponding element map. This differs from a more traditional or simpler EDX mapping tool, where a 
digital dot map is created. When a count is detected in a given location, a corresponding white dot is 
given to that pixel. The corresponding pixels in the map can only therefore be white or black; the map can 
only show location and not concentration of elements as detected 
[61]
. The mapping used throughout this 
research is able to show approximate concentrations of elements detected at each pixel. 
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Figure 2.20 – EDX mapping from the surface of a Coating 1 sample 
 
It can be seen in Figure 2.20 a) that brighter concentrations of regions of aluminium and oxygen overlap. 
As it is known that the coating consists of alumina particles, it would be reasonable to assume that these 
could be the same alumina particles. At higher magnification in figure 2.20 b) there is a visible smooth 
layer phase between the particles. Comparison between the SEM image and the EDX maps, it can be seen 
again that the oxygen and aluminium maps overlap. Where the smooth layer phase can be observed, 
particularly in the bottom right of the image, corresponds with the mapping of phosphorous and oxygen 
in particular, with some concentration of aluminium also. From this it could be said that this could be the 
phosphate binder phase between the particles, as would be expected. 
The EDX detector used has a thin-film polymer window which allows the low energy x-rays generated by 
the lighter elements (such as carbon, boron, and aluminium) to pass through. This means that unlike 
traditional beryllium (Be) windows, which do not allow lighter elements to pass, this EDX analysis and 
mapping system can detect and quantify light elements with an atomic number greater than 4 
[61][62]
. This 
quantification provides some overview of the proportions of material detected in the coating, and in 
Figure 2.17 a) oxygen (49.3 wt%), aluminium (43.9 wt%) and phosphorous (6.9 wt%), and in Figure 2.17 
b) oxygen (50.1 wt%), aluminium (37.7 wt%), and phosphorous (12.2 wt%). This shows that oxygen is 
Page | 70  
 
the predominant element present, with a similarly large proportion of aluminium, and a smaller but still 
significant proportion of phosphorous. 
Combining the information from the images and mapping, it is understood that the particles seen in the 
images are likely alumina (as milled), and the smooth layer on these particles containing a high 
concentration of phosphorous could be the binder phase. According to the literature, this phase should be 
AlPO4, and this would require confirmation via crystallographic structure analysis such as XRD. 
 
2.6.5.2. Coating 2 
 
  
Figure 2.21 – SEM images of Coating 2 
 
In the images (Figure 2.21) it is observed that, as before with Coating 1, a fairly consistent surface, very 
smooth with no apparent cracking. There is a good spread of particle sizes in the coating, and at higher 
magnifications the presence of a phase connecting some or most of these particles together, as seen 
before, is still present. There are a number of pores of varying sizes. Crucially, there are also a large 
number of large particles of a darker contrast (labelled in Figure 2.21 b)) to those seen throughout the rest 
of the coating, and these particles appear to be evenly spaced throughout the coating. As this coating 
contains boron carbide particles as an additive, it would be reasonably assumed that these are the boron 
carbide particles. In order to clarify if this is so, EDX mapping and point spectra were taken of the coating 
and the darker contrast particles more specifically. 
The EDX mapping in Figure 2.22 a) is of a broad area of the coating, and shows the presence of 
aluminium (42.4 wt%), oxygen (44.5 wt%), phosphorous (8.3 wt%) and boron (4.8 wt%). The mapping is 
very similar to that seen in Figure 2.20 a), that of Coating 1. Of interest are the dark particles throughout 
the SEM image and the EDX maps. Where the dark particles are located, the oxygen and aluminium maps 
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can be seen to show little or no concentration (black spots in the corresponding maps). Comparing the 
SEM image with the boron map instead shows a concentration of boron located where the dark contrast 
particles are. 
 
 
Figure 2.23 – a) EDX mapping from the surface of a Coating 2 sample and b) EDX spectrum of a dark contrast particle 
 
The EDX spectrum in Figure 2.23 b) is from one of the described dark contrast particles in the cured 
coating. As can be observed there is some debris collected on the outer surface of the particle, and some 
formations similar in appearance to the smooth layer across the alumina particles. The spectrum itself 
identifies the particle to be have a high x-ray count corresponding with boron (66.0 wt%), with a small 
proportion of carbon (8.5 wt%). There is also some aluminium (11.5 wt%), oxygen (10.5 wt%), and 
phosphorous (3.4 wt%) detected, which is could reasonably be assumed could be some of the material 
seen on the surface of the dark particle. 
Combining the information from SEM imaging, EDX mapping and the EDX spectrum together, along 
with knowing what the original consituents of the coating were, could be reasonably assumed that the 
evenly spread darker contrast particles throughout the coating are the original boron carbide additive. 
Further confirmation of this, particularly if these were completely unknown particles, could be completed 
with further analysis of the coating via a technique such as XRD or XPS analysis. 
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2.6.5.3. Coating 3 
 
The coating here (Figure 2.24) appears almost identical to the other coatings under SEM conditions, albeit 
without the boron carbide grains observed in Coating 2. The particle size is well spread and this has 
visibly helped with the consolidation and densification of the coating during the deposition and curing 
stages. Also visible here was the presence of cracking within the coating; this was similar to that 
experienced prior with the original formulation development, and is presumed to be due to the increased 
liquid content from the boric acid additive, and its subsequent evolution as part of the curing process. 
 
  
Figure 2.24 – SEM Images of Coating 3 
 
Looking at the mapping (Figure 2.25) we can clearly identify the aluminium and oxygen rich particles, 
again surrounded by phosphorous rich interphase. This corresponds with what would be expected. The 
EDX mapping quantification results from figure 2.25 a) are oxygen (48.0 wt%), aluminium (44.7 wt%) 
and phosphorous (7.3 wt%), and Figure 2.21 b) are oxygen (47.6 wt%), aluminium (44.4 wt%) and 
phosphorous (8.1 wt%). Both of these are similar in quantity to that seen in the other coatings. The 
presence of boron within this sample was in weak or trace amounts, if detected at all. Although 
identification of boron via EDX mapping is always very difficult, the lack of any evidence of boron 
present is due in part to the very low proportion added in the initial instance. 
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Figure 2.25 – EDS Mapping a) and b) from the surface of Coating 3 
 
 
2.7. Laboratory Scale Friction Testing 
 
Alongside the development of the coatings as discussed, the three coatings were applied to three separate 
Cf/C-SiC discs and trialled on a laboratory scale friction dynamometer as described earlier to briefly 
evaluate friction performance before applying to full-size discs. 
Page | 74  
 
 
As can be seen in Figure 2.26, the coefficient of friction for the Standard Material starts at a low value of 
approximately 0.22 and rises over 40 stops to an approximate value of 0.37. From here to the end of the 
200 stops the coefficient of friction is more consistent, but with a continual rising trend over the 
remaining stops to finish at a value around 0.41. 
The sample with Coating 1 begins at a vastly higher initial friction level of 0.35, rising to 0.41 within 20 
stops and remains very consistent at this level until 100 stops are completed. At this point there is a small 
fall in friction to 0.40, which then remains consistent to the end of the test at 200 stops. 
Coating 2 also has a very high initial coefficient of friction of 0.29, rising quickly to approximately 0.37 
within 10 stops. From here it remains reasonably consistent at this level throughout to 200 stops, but there 
can be seen some wide variations in the coefficient of friction from stop to stop of approximately 0.07 
throughout the test. 
For Coating 3 the beginning coefficient of friction is the lowest of all four tests, at a value of 0.21. This 
can be seen to rise quickly, to approximately 0.37 within 20 stops. From there the friction level remains 
consistent to around 80 stops, at which point friction falls slightly to 0.35, where it remains stable until 
180 stops. At this point it drops further to approximately 0.32 where it appears to be almost stable again 
to the end of the test. 
 
Figure 2.26 – Friction testing results of Standard material and Coatings 1, 2, and 3, as tested on the laboratory dynamometer 
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The test protocol is designed to allow the discs to run through sufficient stops to show the initial friction 
performance, any rise in friction thereafter, and any subsequent stabilisation which may occur, as may be 
seen through a normal bedding regime. From these tests it can be seen that Coatings 1 and 2 both begin 
friction at higher values than the Standard Material. Coating 3 begins at a lower value, but rises to reach a 
higher coefficient of friction within 20 stops, and is then more stable. Over the same period the Standard 
Material is seen to rise slower over a prolonged number of stops, continuing to rise later into the test, 
indicating that this has not fully bedded. Coating 2 indicates a good level of overall stability after the 
initial rise in friction, but with some fluctuation between stops, where Coatings 1 and 3 both display good 
initial rise in friction and good stability after that initial rise, but with a visible stepped fall in performance 
after prolonged stops. 
Overall, the values reached for the coated discs are very good for the designed application, and the trends 
seen in each test indicate that the coated discs can bed-in more efficiently and effectively than the 
Standard Material, with improved stability indicated in the medium term. There are some doubts, 
however, as to the longevity of stable friction performance with Coatings 1 and 3 in particular exhibiting 
a gradually falling coefficient of friction. 
Unfortunately, these results are only from three discs, each tested once. Owing to material, time and 
financial constraints within the overall project, there was no repeat testing conducted on the coatings to 
evaluate any consistency in performance, or if external effects such as environmental factors (ambient 
temperature, humidity etc) had any effect on the friction behaviour. The test results were seen as 
promising enough to allow Coatings 1, 2, and 3 to be put forward as candidates for full-scale testing.  
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3. Friction Performance and Characterisation of the Standard Material 
 
The majority of the testing discussed in the literature is conducted on either laboratory scale 
dynamometers, pin-on disc equipment or undisclosed industry dynamometers. Where testing is conducted 
on industry dynamometers, the full results are often not released at the same time as microstructural 
analysis, which makes correlation between the discussed friction performance and the developed 
microstructure difficult for researchers not directly involved in the published testing. 
This section discusses the friction testing results of the standard uncoated Cf/C-SiC material, from one 
complete test on each of the industrial dynamometers described in Chapter 2, the purpose of which is to 
give baseline friction performance datasets. Repeat testing was not conducted as the cost of components 
and dynamometer test time required was prohibitive. In any case the industrial partners regarded in their 
extensive experience that the tests can be considered as representative. In the event any friction couple 
were to be selected for production, further dynamometer and on-vehicle testing would be carried out to 
ensure consistency. The use of testing on the standard uncoated materials is important for this research in 
particular, to enable direct comparison across the coated samples tested as part of this study using known 
and current testing equipment and methodologies. This is to enable a fuller understanding of the potential 
friction performance for comparison with existing theory. 
For this purpose, testing was carried out on the base Cf/C-SiC material, tested against the same 
industrially supplied pad formulation, on both of the industry dynamometers. This is so as to enable some 
form of comparison of results between standard discs and those coated, and for correlation of friction 
performance between dynamometers and test schedules. The highlights of the results from the Standard 
(uncoated) material, and characterisation of core samples taken is outlined below, and the comparative 
performance of Coatings 1, 2 and 3 are discussed in the following chapters. 
 
3.1. Bedding Friction Performance 
 
The testing results displayed in Figure 3.1 are from the Bedding friction section of the test, as tested on 
Industrial Dynamometer 1 (ID1). The very initial friction level in the Green (1) segment is around 0.2, 
rising to 0.32 within 10 snubs, before rising slightly further to 0.35 at 20 and 30 snubs. The in-snub 
friction shape begins with a general slightly falling-flat shape with small fluctuations, this flattens out and 
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switches to a rising coefficient of friction, rising by 0.04 in-snub. The surface temperature rises by an 
increasing amount throughout, rising to a maximum of 140°C in the final snubs. 
 
Figure 3.1 – Bedding Friction Performance of the Standard material, as tested on ID1 
 
Through the subsequent Bedding (2) segment the average friction level is consistent around 0.36, with a 
consistent trend for rising coefficient of friction, rising by 0.03 – 0.05 within each snub. The surface 
temperature rise is fairly consistent to around 140°C initially with a maximum of 145°C in the later snubs. 
During the first Characteristic (3) segment the average coefficient of friction is around 0.36. The in-snub 
shape displays a rising coefficient of friction trend, rising by 0.08 in each snub. Surface temperature can 
be seen to increase consistently from 100-150°C through each snub. 
Throughout the whole section the trend for friction increasing and then stabilising is clear to observe, with 
no surprises or wildly varying or fluctuating behaviour. The initial friction is very low, and takes a good 
number of applications to realise an expected level of friction. Towards the end of the Bedding (2) 
segment and through the Characteristic (3) segment the friction performance appears to be relatively 
consistent, and at the end could well be considered to be bedded-in according to the data. The friction 
level has not reached the desired level of 0.40, and the in-snub friction shape is sharply rising. 
Looking at the friction testing results from Industrial Dynamometer 2 (ID2, Figure 3.2) friction begins in 
the Green (1) segment with a value of 0.2, with at least 10 snubs required before any change is observed. 
From snub 10, the coefficient of friction rises to reach a value of 0.3 after 30 snubs. The in-snub shape is 
initially flat and remains this way through to snub 10 where a slight rising coefficient of friction trend can 
be observed. This continues through 20 and 30 snubs, finishing with a shallow gradient rising coefficient 
of friction, rising approximately 0.03 in-snub. The surface temperature increase reaches a maximum 
around 140°C. 
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Figure 3.2 – Bedding Friction Performance of the Standard material, as tested on ID2 
 
During the Bedding (2) segment the coefficient of friction fluctuates between a minimum 0.29 and 
maximum at 0.41. There is wide variation in the in-snub friction shape also, from some flat to falling 
coefficient of friction traces (particularly for the low average value snubs) to some with sharply 
increasing coefficient of friction (such as the higher average value snubs). The surface temperature 
increase is very consistent to around 130°C, with very minor fluctuations correlating approximately with 
the friction level i.e. higher recorded friction, higher surface temperature. 
Through the Characteristic (3) segment friction is more consistent, initially with average values of 0.37, 
with a slight rise through the first few snubs to settle at an average coefficient of friction of 0.39. The in-
snub trace displays a rising coefficient of friction through each snub, rising by 0.07. The surface 
temperature reaches a consistent 140°C in each snub. 
Comparing this with the results from ID1, some similarities can be observed such as the low initial 
friction, and the transition from a flat in-snub shape to a rising coefficient of friction through the sections. 
This test does take a longer duration to show any change in the initial friction level, and a respectable 
level of 0.30 is only reached at the end of the Green (1) segment. Likewise, the in-snub friction shape is 
initially very flat but through the Characteristic (3) segment the shape has changed to become a 
consistently rising coefficient of friction. The Bedding (2) segment here shows much fluctuation in the 
friction behaviour which differs from that seen on ID1, and would indicate that this material is still being 
bedded-in at this stage. The average friction level has also reached a respectable level of 0.39. Surface 
temperature rise across both tests is similar, with both reaching a maximum value ≈150°C. 
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3.2. Speed/Pressure Sensitivity 
 
 
Figure 3.3 – Speed/Pressure Sensitivity of the Standard material, as tested on ID1 
 
Through each of the Speed/Pressure Sensitivity runs on ID1 (Figure 3.3) the friction level varies, 
exhibiting a trend to begin with a low coefficient of friction at low pressure which then rises and falls 
back to near initial values with increasing pressure (excepting segment 4.1, where friction rises from 0.25 
and remains steady around 0.32). In-snub friction behaviour also varies through each segment exhibiting 
a trend to begin with a rising coefficient of friction (rising by around 0.09 in-snub) decreasing in 
sharpness, before gradually changing to a falling coefficient of friction through each segment. At higher 
speeds (segments 4.4 and 4.5) it can be seen that this switch to a flat or falling coefficient of friction 
occurs very early on. 
Considering the Speed Sensitivity further, it can be observed that with increasing speeds, the level of 
friction is fairly consistent up to moderate speeds (segment 4.3; 120-80km/h) with a general friction level 
around 0.32; above these speeds the general friction level appears to fall slightly, starting at lower values 
of 0.29, rising to 0.33 and then falling to 0.29 and 0.28 in segments 4.4 and 4.5. 
There is an observed significant increase in surface temperature with increasing speeds, with distinct 
temperature rises under low-pressure snubs at increasing speeds, the maximum increase at low pressure 
(10 Bar) and high speed (180-150 km/h) is from 100-300°C in-snub. 
The Characteristic (5) seen at the end of the Speed/Pressure Sensitivity section has changed from that 
seen after Bedding. Initial friction has fallen to 0.3 and rises steadily to finish at a value of 0.35, with a 
reduced rise in the in-snub coefficient of friction of 0.05 observed. The Characteristic temperature profile 
is initially high rising to 175°C, with peak values falling slightly through the section to a final value of 
160°C. 
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Figure 3.4 – Speed/Pressure Sensitivity of the Standard material, as tested on ID2 
 
The Speed/Pressure Sensitivity on ID2 (Figure 3.4) appears to follow a different but more consistent trend 
through all segments. The average coefficient of friction is observed to fall with increasing pressure 
through each segment, starting at ≈0.41 and finishing at ≈0. 9.  hrough the lower pressure snubs, the 
coefficient of friction tends to fall quickly before becoming more consistent with increasing pressure; this 
is more pronounced in the higher speed segments. At lower speeds the coefficient of friction is initially 
0.41 dropping to 0.3 through segment 4.1, and the coefficient of friction is initially 0.45 falling to 0.28 
through segment 4.2. The friction performance in segments 4.3-4.5 appears to be very consistent with 
each other, with initial snubs of around 0.40, falling quickly to 0.30 at 30 Bar and settling around 0.29, 
almost flat lining at this level. 
The in-snub coefficient of friction has a fairly consistent sharply rising trend at low pressures (rising by as 
much as 0.11) changing into a flat and then slightly falling coefficient of friction with increasing pressure 
through each segment. During the higher speed segments (4.4 and 4.5), this trend is more pronounced and 
the coefficient of friction in the first snub rises, and then in each subsequent snub falls away exhibiting a 
trend to flatten with increasing pressure. 
The surface temperature rise is variable, generally rising to around 150/160°C, and rising most in the low 
pressure/high speed snubs. A couple of snubs show rises to 190°C. 
The Characteristic (3) friction is initially 0.36 rising through the section to 0.39. In-snub friction is a 
consistent rising coefficient of friction of 0.04. Surface temperature rise peaks at a maximum of 140°C. 
This is very much consistent with that seen during Bedding. 
Comparing friction values across the tests it is clear that ID1 is giving markedly lower friction values than 
seen on ID2. In both tests, the Speed/Pressure Sensitivity behaviour shows some sensitivity of friction 
performance to pressure more so than speed. The overall trends seen are not critical to on-vehicle 
performance, but are not desirable as it provides a scenario where either the driver must accommodate 
Page | 81  
 
this varying performance with their skill, or the engineer to modulate this using control techniques built 
into the braking system. 
  
  
Figure 3.5 – Optical Microscopy images a), b), c), and d) of the friction surface of the Standard material after Bedding Friction 
Performance and Speed/Pressure Sensitivity, as tested on ID2 
 
The images shown in Figure 3.5 show the friction surface of the Standard disc material from core samples 
removed from the surface of the disc tested on ID2 at this stage in testing. When identifying the 
constituents of the friction surface, it is useful to compare with a pre-friction image of the surface, such as 
that seen in Figure 2.3. From this it can be determined if there have been any general changes, and any 
new features developed. The best way to gain an understanding of the friction surface development is to 
focus on fixed regions through each stage of the test, such as that shown by Wang 
[17][18][38]
. 
Unfortunately, in order to characterise the friction surface at precise points, the samples need to be of 
suitable size for evaluation on an optical microscope and SEM. As the full-size samples are far too large 
for this, it was not practicable for testing at the full size scale. As such, these images are taken from core 
samples removed from the friction surfaces at key stages in testing, to give an example of the friction 
surface. Identification of the different regions of the friction surface becomes a skill obtained from 
experienced examination. 
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Large regions of carbon fibre (Cf) bundles are easily identifiable owing to their smoothed cylindrical or 
spherical appearance (dependent upon orientation at the surface). The darker or black regions can be 
identified as pores, larger and smaller holes – these are especially prevalent as there has been no surface 
finishing (such as polishing) to improve reflectivity for OM investigation; this has been done purposely 
so as to retain the surface features from friction. The visibility of the fibrous regions and the easily 
identifiable nature of the pores indicate a lack of material present, a lack of transfer or wear debris 
depositing or building up. 
Closer inspection of the regions in between some of the fibre bundles, understood to be the ceramic 
matrix regions consisting of silicon carbide (SiC) and free silicon (Si), some deposition can be observed 
to have occurred owing to the changed appearance of these surface areas; this is understood to be the 
beginnings of a FTF. The materials depositing here are also identifiable by colour – the blue-greens and 
bronzes, which are not present in the virgin Standard material. 
At higher magnifications, we can see that the FTF patches are generally porous in appearance, indicating 
poor consolidation. Overall the images show that the development of a friction transfer film (FTF) across 
the surface of the substrate material has not been successful. 
During examination under SEM conditions (Figure 3.6), it can be seen that some FTF has formed in small 
pockets at the friction surface. As with the optical microscopy, identification of the friction surface 
constituents comes predominantly from experience. The Cf bundle regions are easily identifiable by their 
oriented fibrous appearance (as marked in Figure 3.6 a) and b)). That they are identifiable so easily 
indicates that that there has been little pad material transfer or deposition in these regions. Some of the 
voids visible in the pre-friction Cf/C-SiC surface seen under OM conditions are also evident under SEM 
conditions. The regions which show the greatest volume of deposition are generally those seen in between 
the identified fibre bundles, and from previous identification on the polished pre-friction surface, are most 
likely the ceramic (SiC and Si) regions of the substrate. Some regions show a fractured or powdered 
appearance (particularly in regions where the Cf bundles appear to be damaged), where small fragments 
of wear debris are collecting but are not substantial enough to form a coherent layer. 
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Figure 3.6 – SEM images a), b), c), and d) of the friction surface of the Standard material after Bedding Friction Performance and 
Speed/Pressure Sensitivity, as tested on ID2 
 
In the regions between the Cf bundles there is apparent material deposited, correlating with the FTF 
depositions identified under OM conditions. Under SEM the FTF is identifiable by its light grey contrast 
with the darker contrasting carbon fibres at low magnifications. At higher magnifications, the FTF retains 
the lighter grey contrast, and also appears to have a smooth surface with occasional grooves or tracks 
from friction. 
EDX mapping in Figure 3.7 is of a broad region of the friction surface in an attempt to capture a general 
understanding of the friction surface and its constituents at this point in the test. The maps clearly identify 
the regions of darker contrast (described above as carbon fibres) to have a very high intensity of carbon, 
and thus this can be assumed to confirm this reasoning. Furthermore, quantification of the map shows 
carbon to be a large proportion of the selected surface at 62.1wt%. 
Page | 84  
 
 
Figure 3.7 – EDX mapping of the friction surface of the Standard material after Bedding Friction Performance and Speed/Pressure 
Sensitivity, as tested on ID2 
 
In between these carbon fibre bundle regions are the lighter contrasting regions in the electron image; the 
map for silicon (4.3 wt%) shows that these regions are silicon rich, with some overlapping carbon, 
indicating that these regions are the silicon and silicon carbide ceramic matrix regions of the substrate. 
Considering the other maps presented including oxygen (17.3 wt%), iron (3.5 wt%), copper (4.2 wt%) 
and zinc (3.6 wt%), these are all materials not found at the virgin surface. There is a clear correlation 
between the intensity of the maps and the regions of described FTF at the friction surface. What can also 
be observed from the mapping is that the silicon regions consist of high intensity spots and lines around 
the edges, and that the FTF is preferentially forming in these regions, particularly those peaks closely 
packed together. In the areas where the ceramic peaks are well spaced, there is little or no deposition of 
the wear particles, and no substantial consolidation. 
The quantification provided by the mapping is overall for the region mapped, and so cannot be used to 
directly infer the proportions in the FTF (for example), except to act as an indicative marker. The 
mapping is extremely useful for identifying the location of the elements throughout the immediate 
surface. 
 
3.3. Wet Friction Performance and Wet Friction Recovery 
 
The pre-wet Characteristic (24) friction performance on ID1 as shown in Figure 3.8, shows a distinct 
sharply rising coefficient of friction, though the extent of the rise is difficult to establish given the scales 
of the standardised test output. The average coefficient of friction is consistent at 0.59 and the surface 
temperature consistently rises to a maximum of 140°C. This wet friction testing is conducted towards the 
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end of the test cycle, and as such the extreme increase in friction values observed here as compared with 
Bedding are to be expected during and after high temperature sections, as will be discussed later. 
 
Figure 3.8 – Wet Friction Performance and Wet Friction Recovery of the Standard material, as tested on ID1 
 
 The Water Baseline segment (25) rises slightly over the three snubs through 0.55 to 0.57, with 
temperature rising to 130°C in each stop. The in-snub shape is a consistent and distinct “n” shape (a rising 
turning to a flattening turning to a falling coefficient of friction). 
During segment 26 the brake calliper and surface of the disc are sprayed with water to simulate wet 
friction conditions, as might be seen during heavy rainfall, or after driving through floods or fords and as 
such are designed to replicate worst scenario real world conditions, as near as possible. 
Through the first and second snub in segment 27, there is a clearly observed large fall in friction to a 
value of 0.28 and further to 0.25, respectively. Friction then rises slowly through the remainder of the 
section to reach a final value of 0.40 after 15 snubs. The in-snub friction shape switches from flat to an 
increasingly falling coefficient of friction shape. 
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Figure 3.9 – Wet Friction Performance of the Standard material, as tested on ID2 
 
Looking at the Wet Friction Performance of the Standard material observed on ID2 (Figure 3.9) we can 
see that the friction level has fallen during this test regime also; during Wet Characteristic 1 the friction 
level for the standard material begins at 0.12 and falls slightly to 0.10 through 6 snubs, with a flat in-snub 
coefficient of friction trend. In Wet Characteristic 2 the friction level falls further, to a constant level of 
0.09 also with a consistent flat in-snub coefficient of friction. It is worth noting that this section occurs 
after the Speed/Pressure Sensitivity section discussed earlier, and as such in comparison with ID1 testing, 
the test has not seen extreme temperature testing, yet. Likewise, the test is conducted under constant water 
spraying conditions, and as such is subjected to more extreme test conditions than ID1 which is initially 
soaked and then tested without further spraying. 
  
Figure 3.10 – Optical Microscopy images a) and b) of the friction surface of the Standard material after the initial Wet Friction Performance 
section, as tested on ID2 
 
From the OM characterisation (seen in Figure 3.10) it can be observed that the ceramic regions have 
become smoothed and almost shiny in appearance. Much of the deposited material observed after the 
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Bedding and Speed/Pressure Sensitivity sections is no longer evident. This trend is continued more 
generally across the sample surface and in doing so it can be observed that much of the FTF which had 
been formed has been dislodged or removed, and lost during Wet Friction. Similarly to the ceramic 
regions, the Cf bundles have a smoother and shinier appearance. 
 
The SEM images of the friction surface in Figure 3.11 confirms what has been observed in the OM 
images, that much of any FTF which had formed has been mostly removed during wet friction. There is a 
large amount of loose material, presumed to be wear debris, spread generally across the surface. 
Surrounding the closely packed ceramic peaks there is a small amount of FTF which does remain, and it 
is in these regions that the FTF has the greatest level of consolidation. 
 
Figure 3.12 – EDX mapping of the friction surface of the Standard material after the initial Wet Friction section, as tested on ID2 
 
As can be seen from the EDX mapping in Figure 3.12, the predominant elements present are carbon (46.0 
wt%), and oxygen (22.0 wt%). In addition there are also found iron (8.4 wt%), silicon (7.2 wt%), zinc 
(4.6 wt%), and copper (3.4 wt%). Silicon and carbon are to be expected of course, as they are the 
  
Figure 3.11 – SEM images a) and b) of the friction surface of the Standard material after the initial Wet Friction section, as tested on ID2 
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fundamental constituent elements in the substrate; in addition to these the presence of iron, copper, zinc 
and oxygen are all elements which are very prevalent in the pad material, as seen in the maps prior to wet 
friction also. These elements tend to show their highest intensities in the few small regions of well 
consolidated FTF apparent in the image. The general dusting across the surface can be seen to consist of 
both disc and pad wear debris. The image also highlights one of the large pores visible at the friction 
surface described earlier. 
EDX mapping of the friction surface at this point in the test should show the presence of those elements 
which a) resist the repulsion/removal during the wet friction, and b) which presumably therefore act as the 
base material for all FTF prior and in the future. That much of the FTF has been removed correlates well 
with the drop in friction of the Standard material under these conditions. 
 
 
Figure 3.13 – Post-Wet Friction Recovery of the Standard material, as tested on ID2 
 
The results in Figure 3.13 show the friction performance of the Standard material immediately after the 
Wet Friction section. What can be observed is that the vast fall in friction under wet conditions has had a 
more permanent impact upon the friction performance. Beginning in this section around 0.20, friction is 
far lower than seen previously in dry friction conditions, just lower than that seen in the very first friction 
snub. This remains at this level for the first 4 snubs (segment 4.1). Temperature rises to a maximum of 
150°C, and the in-snub shape is a flat or falling coefficient of friction. 
Through the following pressure sensitivity (segments 4.2-4.5) the friction level shows a trend for a 
steadily falling coefficient of friction with increasing pressure at all speeds, similar in trend to that seen 
prior to wet friction, with a less pronounced drop in the lower pressure ranges giving a more consistent 
fall across each segment. At lower speeds in segment 4.2, the friction level is far lower than pre-wet 
friction seen in the earlier Speed/Pressure Sensitivity section, beginning at 0.30 falling to 0.21. Through 
segment 4.3 the average coefficient of friction increases initially to 0.38, falling to a lower value of 0.22. 
Through segment 4.4, the coefficient of friction is initially at 0.40 falling to 0.28. Segment 4.5 shows the 
smallest fall, from 0.38 to 0.29, and although the friction levels are similar to that seen in the equivalent 
pre-wet segment, the falling trend is far less sharp. 
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As the speed increases the general friction level can be seen to increase, and this increase in friction 
shows there are some signs of potential recovery. The in-snub shape through each segment is a consistent 
switch from a rising to a flat to a falling coefficient of friction. The temperature rise is to a maximum of 
180°C, although this is uncommon, with temperature regularly peaking at 140°C. Through the 
Characteristic segment (3), the initial value is 0.40 and falls to 0.30 through the segment. Likewise, the 
in-snub coefficient of friction is very fluctuating, becoming an increasingly falling coefficient of friction 
through the segment. This is markedly different to the earlier Characteristics indicating that although 
there has been some recovery, it has not been wholly successful. Surface temperature is consistent to 
130°C, except in the second snub where it reaches 210°C. 
Looking at the friction surface under optical microscopy conditions (Figure 3.14) some signs of 
reformation or re-deposition of wear debris can be observed. This is generally in or around the ceramic 
peaks, but even in these areas there are some large dark voids indicative of a lack of material deposition. 
Under higher magnification, the FTF appears to be most well consolidated around the closely packed 
ceramic peaks, and even there appears to have a powdery and porous nature. 
  
  
Figure 3.14 – Optical Microscopy images a), b), c), and d) of the friction surface of the Standard material after the Post-Wet Friction 
Recovery section, as tested on ID2 
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In Figure 3.15, showing the SEM images of the friction surface after Post-Wet Friction, we can see that 
there has been little change from the Bedded surface or the Wet friction surface. The images do show that 
some deposition has occurred after Wet Friction to give a higher proportion of visible FTF since that 
phase in the test. The SEM images in particular shows that the FTF which has formed is only in closely 
packed ceramic regions, or small voids. 
There are observed a large number of large voids, up to 500 µm in length in places, and many holes at 50 
to 100 µm in diameter going through the surface into the disc. These are assumed to be residual from the 
manufacturing and final machining processes and not caused by friction. What can be understood is that 
with these large voids, the depth and extent of them is such that any wear debris coming into contact with 
such, of which there is some clearly shown in the SEM images, will not deposit successfully and 
therefore will remain an empty feature of the friction surface and not contribute to friction performance. 
  
  
Figure 3.15 – SEM images a), b), c), and d) of the friction surface of the Standard material after the Post-Wet Friction Recovery, as tested 
on ID2 
 
The ceramic peaks in between the Cf bundles show some signs of damage. Likewise, in the Cf regions 
themselves where fibre fragments have been dislodged or removed during friction leaving small voids, 
some wear debris have deposited in-filling some of these voids and FTF is beginning to form. The high 
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magnification image of the perpendicular to plane Cf and carbon region shows that there is clearly some 
deposition occurring in the very small pores and voids in and around this Cf. Some regions such as the 
smoothed carbon fibre bundles are still exhibiting signs of little or no deposition despite having some 
voids and pores to build up in. 
Under the Repeat Wet Friction section (Figure 3.16), conducted after the High Temperature Fade sections 
of the test discussed later, it was observed that the friction level has fallen again with wet conditions. 
Through this section the overall friction level is not only higher, but double that seen in the first Wet 
Friction section at ≈0.19.  hrough both test segments the friction performance is consistent, with an 
observable near identical trend of starting at 0.19 falling to 0.18 then rising to 0.19 in the first 3 snubs, 
then remaining constant to the end of the segment. The in-snub shape indicates a slight rising coefficient 
of friction throughout. 
 
Figure 3.16 – Repeat Wet Friction Performance of the Standard material, as tested on ID2 
 
This friction surface after the Repeat Wet friction section (Figure 3.17) initially appears very similar to 
that seen after the first Wet Friction section, whereby much of any previously deposited FTF has been 
removed, leaving behind an exposed substrate. The friction surfaces in these images have very large 
unknown regions which can be seen to be very dark or black, owing to poor reflected light from the 
sample surface. This would indicate that the light is being scattered and not reflected, which would 
indicate that the surface in these regions is relatively rough. At higher magnification this is particularly 
evident in the Cf bundle regions, where normally some fibres would show indications of smoothing from 
friction, but these fibres appear similar to those seen in the pre-friction surface. This would indicate that 
this section of the surface may have been covered, such as by a portion of FTF at some point, which has 
now been removed during wet friction conditions. 
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Looking at the ceramic regions these are now sharp peaks with valleys and voids between, where once 
FTF may have been deposited. At higher magnifications different colours can be seen in amongst the 
ceramic peaks, and indicates that some remnants of the FTF material are still present at the surface. The 
quantity of this is far greater than that seen after the initial Wet Friction section. 
  
  
Figure 3.17 – Optical Microscopy images a), b), c) and d) of the friction surface of the Standard material after the Repeat Wet Friction 
section, as tested on ID2 
 
Looking at the friction surface under SEM conditions (Figure 3.18) we can observe again that there is 
little FTF evident. Much of the surface shows exposed ceramic regions with roughened Cf bundle regions 
indicating high levels of fracture and damage. Many of the large voids present in the surface are visible at 
low magnification, and show no FTF formations. At higher magnification the damage to the Cf regions is 
extensive, which may be a negative, but in terms of re-deposition of FTF this actually provides an 
increased number of voids to deposit into. 
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Figure 3.18 – SEM images a) and b) of the friction surface of the Standard material after the Repeat Wet Friction section, as tested on ID2 
 
3.4. High Temperature Performance 
 
 
Figure 3.19 – High Temperature Fade of the Standard material, as tested on ID1 
 
In the High Temperature Fade section of the test (Figure 3.19), it can be observed that friction is initially 
at a respectable level of 0.40, but with a sharply falling coefficient of friction. The friction performance 
falls to 0.37, as the temperature rises initially. Within 3 snubs, the surface temperature has reached a level 
of approximately 350°C and continues rising, with friction rising alongside it to snub 8 with a peak 
average coefficient of friction of 0.45 at 500°C, and a large variation in the in-snub coefficient of friction. 
From this point through to the end of the segment the friction performance remains at 0.45 with a 
consistent and smaller fluctuation in-snub. 
In the Characteristic segment (12), friction performance has increased over that seen in Bedding, 
beginning at 0.42 and rising to a peak at 0.49 before dropping slightly to finish on 0.47. The in-snub 
shape changes throughout the segment, with a rising and falling coefficient of friction in the initial snubs, 
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to a rising coefficient of friction in the later snubs. This rising coefficient of friction shows a large 
increase through the snub. The in-snub temperature increase has fallen to a maximum of 150°C. 
After completing a few other high temperature friction segments not discussed here, a Repeat High 
Temperature Fade section is conducted (Figure 3.20). The repeat segment (16) shows a jump in the initial 
friction to 0.50. This falls to 0.47 and rises to around 0.5 through the lower temperature ranges, following 
a similar trend to that seen in the earlier High Temperature Fade segment. As the temperature reaches in 
excess of 500°C the friction level shows a trend to steadily fall away finishing at 0.44. The in-snub shape 
still shows much fluctuation, but is more consistent than through the first High Temperature Fade 
segment. There is a further jump in friction in the Characteristic segment (17) over that seen before, 
initially 0.48 and rising to 0.55. The in-snub friction is a more consistent rising coefficient of friction, but 
this rise is high at 0.10-0.15 per snub, and the surface temperature rise is consistent to a maximum of 
150°C. 
 
Figure 3.20 – Repeat High Temperature Fade of the Standard material, as tested on ID1 
 
The results shown in Figure 3.21 are those from the same High Temperature Fade testing as seen on ID1, 
but conducted on ID2. In this we can see that the initial Characteristic (8) is around 0.32 rising to 0.38, 
with a flat coefficient of friction shape in-snub, and low surface temperature rise. 
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Figure 3.21  – High Temperature Fade of the Standard material, as tested on ID2 
 
During the High Temperature Fade segment itself (9), the friction level is initially 0.38, and remains here 
albeit with an increasingly falling coefficient of friction, for six snubs. At this point the average 
coefficient of friction begins to fall dramatically and continually with an increasingly falling in-snub 
coefficient of friction through to the end of the segment. The final average coefficient of friction is around 
0.25. The surface temperature observed at snub 6 when friction begins to fall is approximately 300-
350°C. 
The post-High Temperature Fade Characteristic (8) shows almost identical trends to the pre- 
Characteristic, but begins at 0.33 and rises to 0.40 throughout. 
 
Figure 3.22 – Repeat High Temperature Fade of the Standard material, as tested on ID2 
 
As with ID1, the test on ID2 goes through some more high temperature testing sections not discussed 
here, before conducting a Repeat High Temperature Fade (Figure 3.22). In the Characteristic segment (8) 
the friction level has risen to 0.45 and jumps in the third snub to 0.49 and then falls throughout the 
remainder of the segment to 0.42, indicating a different performance pattern than seen in the first pre-
High Temperature Fade Characteristic. Likewise, the in-snub has changed slightly in the initial snubs but 
towards the end of the section it returns to its prior rising coefficient of friction shape. There is a very low 
surface temperature rise. 
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During the Repeat High Temperature Fade segment (9) the initial coefficient of friction is around 0.42 
with a falling in snub shape, and with an average coefficient of friction falling through the initial 4 snubs 
to around 0.39. From snub 5 onwards the friction level rises at a consistent rate to finish at 0.52 at the end 
of the segment. The point at which the friction level begins to rise, in snub 7, the surface temperature has 
reached 300-350°C. The in-snub friction shape is fairly consistent also, with a small drop followed by a 
large rising coefficient of friction shape throughout. 
Characteristic friction (8) after the Repeat High Temperature Fade has fallen (compared with the pre- 
Characteristic) to 0.40, but this is higher than the equivalent segment after the first High Temperature 
Fade, and remains fairly consistent around 0.41-0.42 throughout the segment. The in-snub friction 
fluctuates slightly, but by no more than 0.04. The surface temperature rise is similar to the pre-High 
Temperature Fade, also. 
  
  
Figure 3.23 – Optical Microscopy images a), b), c) and d) of the friction surface of the Standard material after High Temperature 
Performance, as tested on ID2 
 
The friction surface shown in Figure 3.23 after the full High Temperature Performance section shows a 
marked improvement in FTF deposition and build-up over that seen in any of the prior sections. There are 
some large regions of FTF visible, spreading over large ceramic regions to the extent that it is difficult in 
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places to determine the region of the substrate below. In the Cf bundle regions, it can still be observed 
that there is little deposition actually on the fibres themselves, but in the regions between, the deposition 
appears relatively successful. At higher magnifications, some regions of the FTF do not appear very well 
consolidated, although these are still larger regions than seen previously. 
  
Figure 3.24 – SEM images a) and b) of the friction surface of the Standard material after High Temperature Performance, as tested on ID2 
 
The SEM images of the friction surface (Figure 3.24) really corroborate that seen in the OM images. 
There are some very large regions of FTF, which appear to be generally well consolidated. The quantity 
of FTF deposited when compared with that seen during Bedding and after Wet friction especially, is 
greatly increased over much of the friction surface. As can be seen there are some regions of very large 
coverage, but in some regions, which can clearly be seen to be the Cf bundle or Cf rich regions there is 
very little deposition, and what wear debris has deposited there is crumbled and loose. Clearly visible is 
also a large amount of apparent damage to the fibres, where part-fibres have been dislodged and removed. 
There is generally little or no formation on the Cf bundle regions, and these appear damaged but not 
smoothed. 
In some areas where the FTF has formed large clusters, there is some apparent spreading onto the fibrous 
regions. This indicates that the presence of a supporting structure can aid formation next to or on top of, 
and assist the development of the FTF, but the lack of bonding with the Cf regions themselves means that 
these regions are not sufficient to form FTF alone. 
Looking at the regions of FTF, these are generally well deposited and consolidated, but there are some 
regions of poorly deposited FTF, particularly in areas which resemble the larger voids seen in earlier 
images of the disc surface. This would indicate that the friction deposits will build up in the holes or 
voids, but not become properly consolidated until sufficient deposits have accumulated. 
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3.5. High Speed Performance 
 
 
Figure 3.25 – High Speed Performance of the Standard material, as tested on ID2 
 
Unique to the test on ID2 is a section for High Speed Fade performance testing, Figure 3.25 shows the 
results from this. It is worth noting that chronologically, this is the final section of the test on ID2, and 
prior to this section the Repeat Wet Friction is carried out. 
As can be seen, the initial dry friction snubs in the first High Speed Fade segment are low with a friction 
level around 0.27. There has been an error with the data logger at this early stage, hence the lack of data 
excepting the average coefficient of friction data, but this is short lived. After snub 5 the full data is 
shown, and friction begins to rise, to a peak of 0.49 in snub 10 with increasing surface temperature 
(≈ 00°C per snub).  s the surface temperature reaches towards 400°C, the coefficient of friction begins 
to fall away continually to a final value of 0.32 in snub 15. The fall in the coefficient of friction appears to 
be slowing by snub 15, but as the segment finishes at this point, it is difficult to determine if this is a 
continuing trend and the coefficient of friction would continue to fall, or if friction is beginning to settle. 
The Characteristic friction segment (3) begins around 0.44 and rises throughout to finish at 0.55, with 
each in-snub trace displaying a sharply rising coefficient of friction. 
In the second High Speed Fade segment, initial friction is shown to have an average coefficient of friction 
of 0.60, but again this dataset is lacking in the full complement of data to verify this. The value of the 
coefficient of friction drops in the second snub to a value of 0.40, rising quickly to 0.45 where it 
fluctuates around to snub 5. Here friction begins to fall steadily to a minimum of 0.31 in snubs 9 and 10, 
before rising slightly to finish at a level of 0.33. The surface temperature rises sharply in this section also, 
rising by as much as 200°C in each snub. The surface temperature reaches 400°C, at the point at which 
the friction level begins to fall (snub 5). 
The final Characteristic segment is very similar to the previous Characteristic segment, but slightly higher 
beginning at 0.45, rising sharply in the second and third snubs to a value of 0.55, and then rising further 
through to snub 6 where it finishes with an average coefficient of friction of 0.58. 
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The surface temperatures reached through both High Speed Fade sections are in excess of 650°C, the 
highest temperatures reached throughout the entire test. 
  
  
Figure 3.26 – Optical Microscopy images a) and b) of the friction surface of the Standard material after High Speed Performance, as tested 
on ID2 
 
OM images from the friction surface after the High Speed Fade testing (Figure 3.26) shows a very 
different surface from that seen in any other prior testing section; an FTF scale has covered the surface 
almost entirely. This scale makes it difficult to identify substrate features (such as Cf bundles), which in 
turn indicates that this scale covers the majority of surface features. In some regions, the surface has not 
been covered, and in these regions it is easy to identify the carbon fibre bundles. 
Interestingly, there are two regions to the formed FTF scale – the first has a grey-silver appearance, with 
smoothed or smeared appearance and some grooves running throughout, the second region is a darker 
red-brown colour and has not been seen in other parts of testing before. 
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Figure 3.27 – EDX mapping a) and b) of the friction surface of the Standard material after High Speed Performance, as tested on ID2 
 
 
SEM images combined with the EDX mapping shows that the formed scale consists of a wide variety of 
elements; in Figure 3.27 a) is a map of what is a large region of FTF, a section of ceramic in the centre 
only becomes apparent from the mapping results for silicon and carbon having a faint overlap in this 
region, with the carbon map showing the left hand edge being predominantly carbon based also. The 
proportions of elements across this map are carbon (20.9 wt%), oxygen (18.7 wt%), iron (10.9 wt%), 
copper (7.7 wt%), silicon (7.5 wt%), and most surprisingly a high proportion of zinc (24.4 wt%). 
The region in Figure 3.27 b) has a large intensity of silicon (29.0 wt%) and carbon (20.6 wt%) 
corresponding with the dark grey contrast region in the image, indicating that this is from a ceramic 
region, and as it is still visible the ceramic region has not been totally covered, although there are some 
deposits smearing across. The elements present in the lighter grey contrast regions which have formed on 
and around the ceramic region are oxygen (16.1 wt%), zinc (13.4 wt%), iron (9.1 wt%) and copper (5.5 
wt%). Again, zinc shows a high proportion of the friction surface at this stage. 
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3.6. Simulating Railway Friction 
 
 
Figure 3.28 – Railway Simulation of the Standard material, as tested on ID1 
 
Unique to the testing regime on ID1 is the railway simulation testing. Through the initial Rail Friction 
Check (21) the friction level is very consistent around 0.50, with a consistent rising-to-flat in-snub 
friction shape, and consistent surface temperature increase to 200°C. 
In the low pressure segment (22.1), the friction level begins around 0.50, and after 60 seconds begins to 
rise, reaching a peak of 0.85 at 140 seconds. The friction level begins to fall away at this point, falling 
back to 0.50 at the end of the snub. Total time to stop is approximately 225s. At 60 seconds the surface 
temperature has reached 400°C, rising to a peak 500°C at 140 seconds, before falling away steadily 
throughout the remainder of the snub to finish at 350°C. 
The medium pressure segment (22.2) shows similar trends, starting at 0.50 with a quickly rising 
coefficient of friction to a peak friction of 0.80 at 110 seconds, which then falls before rising sharply at 
the very end of the test. Total time to stop is 140 seconds. At the 110 seconds the temperature has reached 
a peak of 600°C. 
The final segment (22.3) is the high pressure test which displays a fluctuating but constant friction level 
≈0.53 through the test, with a slight rise before the test is stopped early after tripping the 700°C thermal 
cut-off, at 65 seconds. 
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3.7. Characterisation of the Friction Surface of the Standard Material After Complete 
Friction Testing, As Tested On ID1 
 
The testing conducted on ID1 was completed in one straight test, and so obtaining core samples at 
relevant sections of the test, as with ID2, was not possible. These images are taken from core samples 
removed from the friction surface at LU after the complete test had been conducted. 
  
  
Figure 3.29 – Optical Microscopy images a), b), c), and d) of the friction surface of the Standard material after complete friction testing on 
ID1 
 
The optical microscopy images in Figure 3.29 display a stark contrast between some very large and very 
dark regions which cover much of the surface, and some equally large FTF regions. The dark contrast 
regions indicates a very rough surface offering little reflected light to image with, which means that these 
regions are unknown. The darkness in these regions would indicate that there is very little in the way of 
well consolidated deposited material (a well consolidated region would have a smoother surface with 
better reflectivity, and so would be more visible, such as the ceramic or FTF regions observed in a)). The 
other regions are those which appear to be regions of FTF deposited in and around the ceramic regions. 
At lower magnifications, the FTF appears to be formed in distinct regions which appear to be similar in 
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shape and position to those seen between the Cf bundles seen in many of the earlier images; unfortunately 
with the poor reflectivity, it is difficult to determine if this is definitely the case here. The FTF which has 
formed has a grooved and smeared appearance as could be expected from friction. At higher 
magnifications, the FTF appears to be well densified and exhibits a smeared formation. 
In the SEM images of the friction surface after complete friction testing on ID1 (Figure 3.30), a large 
proportion of loose wear debris across the surface can be observed, given the powdery and rough nature 
of this it could explain the large dark regions under OM conditions. The Cf regions of the surface are 
easily identifiable by their trademark patterns, with the regions between taking on the appearance of 
ceramic regions as seen earlier. 
  
Figure 3.30 – SEM images a) and b) of the friction surface of the Standard material after complete friction testing on ID1 
 
The Cf bundles are mostly visible indicating a lack of deposition on these sections, and the powdery 
appearance of these regions upon closer inspection validates this further (lack of dense packing). The 
carbon fibres themselves appear to have much damage, and in some cases a significant loss of material, 
but these fibres have not been smoothed from friction as seen elsewhere on the disc surface – this may 
indicate that this used to be covered, but the covering which was attached has been removed and as such 
damaged the Cf in the process, whilst also leaving it vulnerable to further damage in future. 
The friction surface here displays significantly more FTF deposited than that seen in Figures 3.14 and 
3.15 taken from testing on ID2 after the Post-Wet Friction Recovery. This would appear to be a logical 
comparison to make, as the images taken here are of core samples removed at the end of the ID1 test, 
after the final segment being that of the ID1 Wet Friction and Recovery segment. Despite there being 
more FTF, there are also visible the large regions of no deposition, and damage to the substrate. This 
would further corroborate the idea that much of the transferred or deposited materials are removed from 
the standard discs friction surface upon the application of water. 
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Figure 3.31 – EDX mapping a) and b) of the friction surface of the Standard material after complete friction testing on ID1 
 
EDX mapping of the friction surface (Figure 3.31) shows that any FTF clearly deposits in and around the 
silicon rich regions predominantly, with these regions being either silicon or silicon carbide. Map in 
Figure 3.31 a) shows a broad look across the surface incorporating a Cf bundle region (confirmed by the 
map) and one of the ceramic regions with FTF deposits built up. The maps show the FTF to consist 
predominantly of oxygen (19.8 wt%), iron (14.2 wt%), and copper (8.1 wt%). Carbon accounts for 42.6 
wt% of this area, and silicon 6.9 wt%. Where the FTF appears to be the most consolidated is in between 
the silicon rich areas, and these are particularly rich in iron. 
The second mapped region (Figure 3.31 b)) is of a portion of FTF, and as with the first region, the 
deposited FTF predominantly consists of oxygen (21.3 wt%), iron (19.9 wt%) and copper (17.0 wt%). 
Carbon and silicon account for 15.1wt% and 6.35wt%, respectively. As with the first mapped area, the 
FTF appears to have formed on a ceramic region of the substrate, on or around the ceramic peaks.  
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4. Friction Performance and Characterisation of Coating 1 
 
Coating 1 was not tested on Industrial Dynamometer 1 (ID1), so this chapter only discusses those results 
and the characterisation from the testing carried out on Industrial Dynamometer 2 (ID2). 
 
4.1. Bedding Friction Performance 
 
 
Figure 4.1 – Bedding Friction Performance of Coating 1, as tested on ID2 
 
An issue with the data logger during the initial friction stops in the Green segment (1), as shown in Figure 
4.1, gives a lack of coherent information; following the blue trace of in-snub data it appears that initial 
friction has a value around 0.30, rising quickly to 0.50, and then falling to 0. From snub 10 onwards the 
data appears more reliable and the average friction level is observed to be around 0.30, rising to 0.33 at 20 
snubs, and 0.34 at 30 snubs. This is approximately 0.04 higher than the Standard material. There is a lack 
of surface temperature data through this initial segment. 
The friction level through the Bedding segment (2) shows fluctuations throughout, similar to those seen 
on the Standard material which would indicate that these fluctuations are inherent to the testing 
equipment rather than a specific friction couple; there is however, a consistent increase in the average 
friction value over the Standard material for each snub shown, of approximately 0.05. The in-snub trend 
is more consistently seen as an increasing coefficient of friction than seen before, with the lowest gradient 
being a flat rather than falling coefficient of friction shape. Surface temperature rise is to a maximum of 
150°C. 
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Through the Characteristic segment (3), the coefficient of friction is consistent with an average value of 
0.39 to 0.40, and the in-snub shape is a consistent rising coefficient of friction of 0.04. In terms of both 
the average and in-snub coefficient of friction this is slightly improved over Standard. Surface 
temperature increase is consistent to a maximum of 160°C. 
 
4.2. Speed/Pressure Sensitivity 
 
 
Figure 4.2 – Speed/Pressure Sensitivity of Coating 1, as tested on ID2 
 
Each segment through the Speed/Pressure Sensitivity section (4.1-4.5), shown in Figure 4.2, follows a 
consistent trend of high friction at low pressures, decreasing with increasing pressure. The friction level 
begins around 0.50 in each segment, falling to 0.30. The segments are very consistent with each other, 
indicating excellent friction stability with increasing speeds, but a falling coefficient of friction with 
increasing pressure. Surface temperature increase through each snub is consistent in each segment, 
indicating good temperature stability, with the highest recording of 220°C seen at the higher speed-lower 
pressure snubs. 
Characteristic friction (3) is around 0.40 initially, and rises through snubs 1, 2, and 3 to 0.45 from where 
it remains consistent. The in-snub trace displays a consistent rising coefficient of friction, and surface 
temperature rise is consistent to a maximum of 150°C. This has seen an increase in friction from the 
Bedding Characteristic. 
 he results from this section of the test highlights that the material’s friction performance is pressure 
sensitive, but in a consistent and predictable manner, and the same friction performance will occur at a 
given pressure across a wide range of speeds. This is a marked improvement over the Standard material, 
both in terms of the friction level achieved and the consistency of that friction performance. 
Looking at the friction surface under OM conditions after the Bedding and Speed/Pressure sensitivity 
sections in Figure 4.3, the first major observation to consider is that much of the coating as seen before 
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friction is no longer apparent; this is evidenced by the visibility of the substrate features such as carbon 
fibres and bundles thereof. It can be observed that there has been a marked improvement in the deposition 
of transferred wear debris across the surface. As with the Standard material, the formations appear to be 
around the ceramic peaks and regions, with much of the Cf still visible, in some regions and at lower 
magnifications it can be observed that some of the forming FTF has spread across fibre bundles 
successfully. The FTF appearance itself is well consolidated and has a smeared and smoothed appearance. 
  
  
Figure 4.3 – Optical Microscopy images a), b), c), and d) of the friction surface of Coating 1 after Bedding and Speed/Pressure Sensitivity, 
as tested on ID2 
 
At higher magnifications also, it can be observed that there are some regions of unknown material which 
have not been seen on the friction surface of the Standard material, these could be regions of Coating 1 
still present at the surface. 
Under SEM conditions (Figure 4.4) the regions of FTF observed are clearly far larger than those seen on 
the Standard material. These regions are well consolidated and spread over vast regions of the substrate. It 
is clear from several of the images that the FTF which has developed is forming not only in the ceramic 
regions, but is spread well around these peaks, and in a lot of regions has spread over the carbon fibre 
regions. These regions are well deposited, and in most cases are smeared in appearance, with only a few 
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appearing to have the same loose and powdery nature exhibited on the Standard material. Typically the 
loose and powdery regions of FTF are found in the carbon fibre regions, indicating that FTF formation 
has not been entirely successful across the broader surface. 
  
  
Figure 4.4 – SEM images a), b), c) and d) of the friction surface of Coating 1 after Bedding and Speed/Pressure Sensitivity, as tested on ID2 
 
From both the SEM and OM images it became apparent that there were regions of unidentified material 
observed in the FTF which were not present on the standard material, and so it was important to identify 
any elements present to determine if this could be Coating 1. EDX mapping as used elsewhere in this 
research was not available at the time of sample examination and so EDX spectra were taken at varying 
points as an alternative, and can be seen in Figure 4.5. 
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Figure 4.5 – EDX spectra from the surface of Coating 1 after Bedding and Speed/Pressure Sensitivity, as tested on ID2 
 
In the top right corner of the image are a couple of smoothed carbon fibres, with some loose powdery 
deposits on top and in the voids or cracks between them. The majority of the image is of an apparent FTF 
region with unidentified material. In the top left is a smooth grey region with some cracks, EDX spectra 
at a. shows this region to be very silicon rich, with trace amounts of carbon, oxygen, aluminium, and 
phosphorous. On the other side of the image, point b. taken from a segment of wear debris shows this to 
be silicon rich again, with high intensities of aluminium, phosphorous, and oxygen. Point c. is of a lighter 
grey contrast region and the spectrum shows this to be an iron rich region. The final spectrum at point d. 
is of another darker contrast region shown to consist of high intensities of aluminium, phosphorous and 
oxygen, with small peaks for carbon and silicon, and a trace amount of copper, also. 
This data would suggest that this region is originally a silicon or silicon carbide region. The presence of 
other elements such as aluminium, phosphorous and oxygen indicates that some of the original coating 
has been retained at the friction surface. Furthermore, that this material is interspersed with other 
elements present in the friction pad, such as copper and iron, indicates that these have been deposited and 
retained within or as part of that original coating. 
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4.3. Wet Friction Performance and Wet Friction Recovery 
 
 
Figure 4.6 – Wet Friction Performance of Coating 1, as tested on ID2 
 
Friction performance of Coating 1 under wet conditions has fallen significantly (Figure 4.6), as seen with 
the Standard material. Friction has consistent values of ≈0.16 through Wet Characteristic 1, and ≈0.1  
through Wet Characteristic 2. The in-snub traces show a slight rising coefficient of friction shape through 
the snubs. Throughout the section the friction performance is a step higher than that seen on the Standard 
material, and is consistent in both sections of this test. 
Under OM (Figure 4.7) it can be observed that much of the FTF deposited during Bedding has been 
removed under Wet Friction testing, and the surface is similar in appearance to that of the Standard 
material under these conditions. Looking more closely at the sample surface, it can be observed that there 
is still some material deposited in and around the ceramic regions, retained within the pores/voids 
surrounding them. In some of the pores deposits such as the bright orange deposits could typically be that 
of a copper-based deposit, and could be widely expected given the friction material used. The ceramics 
themselves are far more visible, indicating an improved reflectivity and thus indicating that these have 
been worn through friction to a smoother or more polished state. The carbon and carbon fibre regions are 
mostly dark indicating that these are roughened; some have seen wear and the associated smoothing 
effects of abrasive friction, those which have not could be the material below the original surface, or FTF, 
which has been removed during friction – now exposing this. This is at a low enough level below the 
ceramic peaks that there is little interaction with the friction pad, hence the low wear. 
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Figure 4.7 – Optical Microscopy images a), b), c) and d) of the friction surface of Coating 1 after the first Wet Friction section, as tested on 
ID2 
 
In some regions, there is a high visibility of potential Coating regions, large patches of grey material 
similar in appearance to those seen under OM conditions after Bedding. These are spread sporadically 
around the surface, typically found in the ceramic regions. 
  
Figure 4.8 – SEM images a) and b) of the friction surface of Coating 1 after the first Wet Friction section, as tested on ID2 
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The SEM images (Figure 4.8) indicates that more of the transferred materials remain than visible under 
OM conditions, especially in the ceramic regions. Some of these are roughened and loose, with some 
showing improved compaction compared with the Standard material after this stage of testing – 
highlighted by the smoothed and in some cases grooved appearance of the FTF. The large spread of 
roughened and loose material particularly evident in the carbon fibre region shown would explain the 
darker patches of the surface under OM conditions owing to reduced reflected light. In the carbon fibre 
region particularly, the fibres appear to have been fractured with large segments dislodged and removed, 
and in their place powdery wear debris have been collected. 
 
Figure 4.9 – EDX spectra acquired from the friction surface of Coating 1 after Wet Friction Testing, as tested on ID2 
 
Using SEM to observe more closely one of the dark grey regions as seen under OM conditions, this has a 
similar appearance to that seen after Bedding with a smoothed surface. EDX spectrum from this region 
(Figure 4.9) in point a. shows a high intensity of aluminium, phosphorous and oxygen, along with other 
elements such as silicon, magnesium, zinc, iron and carbon such that would be expected from the pad and 
disc materials. Point b. taken from the smoothed area shows very similar results with high intensities of 
aluminium, phosphorous and oxygen, along with silicon, magnesium, zinc and carbon.  
This indicates that the regions observed under OM conditions could possibly be regions of the original 
Coating 1 still remaining at the friction surface, and as such that these regions can survive the aggressive 
wet friction conditions which removed the majority of FTF. This data also shows that these regions also 
retain some of the transferred materials from the friction pads during Wet Friction conditions. 
 
Figure 4.10 – Post-Wet Friction Recovery of Coating 1, as tested on ID2 
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Through the Post-Wet Friction Recovery section shown in Figure 4.10, the coefficient of friction is 
initially low in the first segment (4.1), as seen on the Standard material, but with slightly higher values 
around 0.23 (the lowest dry friction values seen on this test), and rises slowly through the first 4 dry snubs 
to a value of 0.28. Through the subsequent pressure series segments (4.2-4.5) the trend for decreasing 
friction with increasing pressure as seen before is observed with approximately 0.10 variation through 
each segment. With each subsequent segment the friction level is rising, and in segment 4.3 friction has 
already reached 0.40 at the start, falling to 0. 8 through the segment.  his performance isn’t seen until 
segment 4.4 on the Standard material. Segments 4.4 and 4.5 display very similar friction performance to 
that seen in the pre-Wet Speed/Pressure Sensitivity section, with initial values of 0.50 and finishing at 
0.30. Surface temperature whilst initially low, regularly rises to a maximum of 190°C through a snub. 
Characteristic friction (3) shows a similar trend to that seen on the Standard material by starting high with 
initial friction around 0.45, and falling through the six snubs to 0.32. Surface temperature fluctuates from 
140 to 240°C. This is different from the characteristic performance seen in Bedding. 
This testing has shown that there has been an improvement in recovery through this section, when 
compared with the Standard material, in terms of friction level, stability and the no. of snubs required to 
reach that level. 
The Optical Microscopy images (Figure 4.11) taken of the friction surface of Coating 1 after the Post-Wet 
Friction Recovery section shows a clear re-deposition of transferred debris at the friction surface. As seen 
in the post-Bedding friction surface, the FTF covers much of the surface and generally appears to have 
formed in or around the ceramic peaks. There is some evidence in the images that the FTF has deposited 
across the some of the carbon fibre regions also, but not typically. 
  
Figure 4.11 – Optical Microscopy images a) and b) of Coating 1 after the Post-Wet Friction Recovery section, as tested on ID2 
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Figure 4.12 – SEM images a) and b) of Coating 1 after the Post-Wet Friction Recovery section, as tested on ID2 
 
In SEM images of the friction surface, Figure 4.12, the FTF covering is well spread across the surface. 
The transferred materials have built up new deposits and formed replacement layers from those lost 
during the wet friction section. As seen before, the FTF is well consolidated this time with a very smooth 
appearance. There are also signs of the FTF spreading across some of the carbon fibre regions of the disc 
surface. There is little evidence of the loose or powdery deposits as seen after Wet Friction. The SEM 
images also show some regions of the FTF which are not typical to the Standard material, and are 
identical to those seen in the earlier segments identified as containing aluminium, phosphorous and 
oxygen. Image b. in particular appears to contain a large region of apparent coating surrounded by well 
deposited FTF. This is different from the friction surface seen on the Standard surface, and this level of 
coverage is not typical. 
 
Figure 4.13 – Repeat Wet Friction of Coating 1, as tested on ID2 
 
Through the Repeat Wet Friction testing (Figure 4.13), chronologically tested after the High Temperature 
Fade testing discussed later, the friction performance has fallen markedly again. This time friction has 
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fallen to higher values than seen before of ≈0. 1.  his friction level, and the in-snub coefficient of friction 
shape, are both improved over Standard and are very consistent throughout both sections. 
  
Figure 4.14 – Optical Microscopy images a) and b)  of the friction surface of Coating 1 after the Repeat Wet Friction section, as tested on 
ID2 
 
As with previous Wet Friction testing before, the majority of the transferred materials appear to have been 
removed, indicated by the increased visibility of the ceramic regions, which had been previously covered 
(Figure 4.14). There is also an observed increase in the proportion of darkened or low visibility areas, 
indicating that these regions have become roughened. At higher magnifications it can be seen that there 
are very large regions of deposited transferred wear debris including spots of orange deposits (not found 
on the pre-tested friction surface), generally found in between the ceramic peaks. 
Under SEM conditions (Figure 4.15) these regions of transferred materials can be seen to be more 
prevalent than realised under OM conditions. This makes them easier to locate and identify. Some of the 
regions have a smoother appearance with visible grooves from friction across the surface, and these 
indicate a well deposited layer. Likewise there are some which are more powdery in appearance which 
don’t display the same level of smeared transferred deposit build-up, but which do show some transferred 
deposits building up, and these tend to be in the carbon fibre regions, particularly those in which the 
fibres are perpendicular to plane. 
Wet friction has removed most FTF which had formed, and those regions where FTF is believed to have 
existed, now exhibit signs of damage to the substrate, as seen on the Standard material. The deposition 
around the peaks in these areas is greater. This roughening of the surface, along with the loose debris and 
pores or voids in the surface can account for the poor visibility and darker regions under OM owing to the 
lack of reflectivity. 
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Figure 4.15 – SEM images a), b), c) and d) of the friction surface of Coating 1 after the Repeat Wet Friction section, as tested on ID2 
 
 
Figure 4.16 – EDX mapping of the friction surface of Coating 1 after Repeat Wet Friction, as tested on ID2 
 
The EDX mapping in Figure 4.16 shows a region of transferred materials which have deposited at the 
surface. There are a wide range of elements forming this body of material, many of which have 
transferred from the friction pad including iron, copper, and magnesium. The primary elements shown in 
the maps are those of silicon, carbon, oxygen, aluminium, iron, and phosphorus. The mapping shows that 
this area is originally a silicon or silicon carbide region (indicated by the silicon-only and silicon-carbon 
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overlapping maps around the edges of the frame). The maps for oxygen, aluminium, and phosphorous 
clearly overlap, indicating that this region could potentially be a region of Coating 1. Furthermore, the 
maps show that this material fills the void in between these ceramic peaks, and it is in this central region 
where the elements from the friction pads can be found predominantly. This is similar to the evidence 
from the first Wet Friction section to show that some regions of the coating can remain at the surface 
under Wet Friction conditions, and retain the wear debris from the pads. 
 
4.4. High Temperature Performance 
 
 
Figure 4.17 - High Temperature Fade performance of Coating 1, as tested on ID2 
 
Through the initial Characteristic segment (8) in Figure 4.17, friction rises from a value of 0.34 steadily to 
a value of 0.42. The in-snub friction is a consistent shallow rising coefficient of friction, and surface 
temperature reaches a maximum of 110°C. 
In the first High Temperature Fade (9), the coefficient of friction is initially at 0.45 and is consistent 
through the first 9 snubs, with a falling in-snub shape. In snub 10, the average coefficient values begin to 
fall gradually finishing at a value of 0.32 at snub 15. The surface temperature at the point at which the 
coefficient of friction begins to fall in snub 10 has reached 350°C, and the surface temperature throughout 
never reaches a maximum over 500°C. 
Through the subsequent Characteristic segment the average friction level rises from an initial 0.38 to 0.44 
within 3 snubs and then remains consistent, with a very shallow rising coefficient of friction. Surface 
temperature rise doesn’t reach over 110°C. 
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Figure 4.18 – Repeat High Temperature Fade performance of Coating 1, as tested on ID2 
 
In the performance of the Repeat High Temperature Fade section (Figure 4.18), looking initially at the 
first Characteristic segment (3) the friction level is very high, around 0.56 and rises quickly to 0.62 before 
falling more gradually to a final average coefficient of friction value around 0.57. The in-snub coefficient 
of friction shape is steadily rising, and surface temperature increase is negligible. 
Through the Repeat High Temperature Fade segment (9) the coefficient of friction is initially very high 
again at 0.62, but falls quickly to a still very high value of 0.52 where it remains consistent throughout the 
remainder of the section. The in-snub coefficient of friction trace fluctuates sharply, varying more in the 
initial snubs, but settling out with a more consistent but still high 0.10 in-snub variation in coefficient of 
friction in the later snubs in the section. The maximum temperature reached is 450°C. 
In the final Characteristic segment (8) values of friction are initially at 0.47, rising to 0.51 settling around 
0.5, with a consistent shallow rising coefficient of friction shape, and a negligible surface temperature 
rise. 
Throughout the entire High Temperature Fade testing section the friction level for Coating 1 is a step 
increase over that seen on the Standard material; likewise, the Fade performance itself is more stable with 
improved longevity of stable friction in the first Fade and a lesser fall in friction when it does drop away, 
and an almost flat-line friction performance in the second Fade segment. 
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Figure 4.19 – Optical Microscopy images a) and b) of the friction surface of Coating 1 after the High Temperature Fade section, as tested 
on ID2 
 
The OM images from the friction surface after High Temperature Fade sections (Figure 4.19)  shows 
images from a predominantly carbon fibre region of the substrate with two distinct regions; those with a 
large build-up of transferred materials, and those with no apparent transferred materials. The regions 
without any transferred materials can be easily identified as the carbon or carbon-fibre regions; these 
show a limited amount of damage to the fibres from friction in smoothing and increased reflectivity, but 
are mostly dull/dark contrast. This indicates that they have not seen much friction interaction, and this 
could be from a lack of interaction with the pad due to the high FTF regions, thus no contact at these 
points, or this could be where friction has acted on a previous layer which has been removed during 
friction. 
The regions of transferred material are generally found in the regions between the carbon fibre bundles, 
presumed to be the ceramic regions, although it must be noted that this is identifiable primarily from the 
ability to visibly see the carbon fibre bundles surrounding, rather than being able to identify particular 
ceramic peaks as these have been mostly covered by the transferred materials. Some of the transferred 
material is visibly smearing across the Cf bundle regions to conjoin with the neighbouring FTF and thus 
act as a larger deposition zone. 
From the SEM images in Figure 4.20 we can see much of the same as observed under OM conditions, 
large regions of deposited materials across the surface. The images show signs of deposits building up in 
the regions between the fibre and carbon matrix, indicating that deposited materials are filling damaged 
areas and pores of the friction surface. At higher magnifications we can see that the transferred material 
layers display some cracks through itself indicating possible thermal shock relief. There are also some 
very smeared almost scale-like regions of the FTF which indicates that the FTF under High Temperature 
conditions can not only deposit well on the substrate, but that it can become mobile and move across the 
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surface. As such it is not necessarily restricted to its initial deposition location, which could help to 
explain why deposition across the carbon fibre bundle regions is more prevalent under these conditions. 
At very high magnifications of a perpendicular to plane carbon fibre, deposited materials can be seen to 
fill the very small pores around these fibres. 
  
  
Figure 4.20 – SEM images a), b), c) and d) of the friction surface of Coating 1 after the High Temperature Fade section, as tested on ID2 
 
The image in Figure 4.21 shows the EDX mapping region chosen to be alongside a carbon or carbon fibre 
region on the left hand edge, bottom left and top right corners of the image. The map for carbon (33.6 
wt%) confirms this, and the map for silicon (6.9 wt%) shows much distinction from this with some 
overlap indicating that the central region of the surface is likely silicon or silicon carbide. 
The central segment of this frame shows a large region of transferred materials; EDX mapping shows a 
strong presence of oxygen (19.0 wt%), iron (14.0 wt%), and copper (10.9 wt%), amongst others. Also 
included in this central portion are large regions of aluminium (3.0 wt%) and phosphorous (0.47 wt%). 
The regions where phosphorous and aluminium are present overlap heavily, along with high intensity of 
oxygen correlating with both also. This is highly indicative of this being a portion of the original coating. 
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Figure 4.21 – EDX mapping of the friction surface of Coating 1 after the High Temperature Fade section, as tested on ID2 
 
This mapping shows that there is a potential region of Coating 1, within a surrounding ring of carbon-
SiC-Si, where during friction, the wear materials from the pad (iron and copper etc) have deposited 
around and on the coating region. This is then allowing this part of the substrate (a pore or void), which as 
seen on the Standard material would have otherwise likely remained empty, to be filled with deposits and 
build a FTF. 
 
4.5. High Speed Performance 
 
 
Figure 4.22 – High Speed Fade performance of Coating 1, as tested on ID2 
 
Immediately after the Repeat Wet Friction testing (discussed earlier), the friction couple are put through a 
High Speed Fade section of testing (Figure 4.22). It is apparent through the first 3 snubs that the in-snub 
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data has not been recorded, but average values have, and has been caused by a potential issue with the 
data logger (as seen at the beginning of the test on ID2 - Bedding). 
What can be seen from the data is that the initial dry friction snubs are at a friction level of 0.28. Friction 
begins to rise quickly after four snubs to approximately 0.45 in snub 8, before falling steadily to around 
0.31, in snub 12. From here the friction is consistent to the end of the segment in snub 15. The in-snub 
shape begins flat with an increasingly steep rising coefficient of friction shape, rising to a maximum in 
snub 7, where the coefficient of friction then begins to become shallower and flat through the remaining 
snubs. Surface temperature rises quickly, with an increase around 250°C in-snub. The disc surface 
reaches regular temperatures above 400°C in snubs 7 and 8 onwards. 
Characteristic friction (3) is high around 0.45 rising to 0.55 through 6 snubs, and with a sharp rising 
coefficient of friction through each snub. The surface temperature rise also increases through the segment 
from 120°C to 140°C. 
The second High Speed Fade segment begins at a higher level around 0.45 and falls through the first 4 
snubs to 0.40 before falling more rapidly through to snub 8 where the coefficient of friction reaches 0.30. 
From here friction remains fairly consistent, rising slightly to 0.33. The temperature rises quickly through 
each snub again, and reaches 400°C in snub 7. The in-snub coefficient of friction trace switches from 
rising when friction is high, to flat when friction is around 0.3, to increasingly rising in the final few 
snubs. 
Characteristic friction (3) follows the same trend as before, but at higher values starting at 0.50 and 
finishing at 0.59 after six snubs. The in-snub shape also displays a sharply rising coefficient of friction, 
and surface temperature rises more consistently to a maximum of 170°C. 
This performance is broadly similar to that seen on the Standard material, with low initial friction from 
the previous Repeat Wet Friction before rising. There can be observed a slight step increase in friction 
level at a more consistent level in the Characteristic segments. 
The OM images after the High Speed Fade section (Figure 4.23) shows a different friction surface from 
that seen before on this disc; at this point there is a smooth and general covering across the sample with 
the substrate below largely hidden and unidentifiable. There is a large volume of transferred material, 
with two distinct appearances – one region is silver/grey and one region is red/brown. This friction 
surface appears very similar to that seen on the Standard material after the same section of testing. 
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Figure 4.23 – Optical Microscopy a), b), c) and d) of the friction surface of Coating 1 after High Speed Fade section, as tested on ID2 
 
The SEM images in Figure 4.24 after High Speed Fade testing also shows a well deposited thick layer 
across the surface on the whole; there are regions of poorly deposited FTF, but these are infrequent. The 
two distinct regions observed under OM conditions are also easily identifiable under these conditions. At 
higher magnification, the darker region is more powdery, whilst the lighter grey region is more grooved 
and smoothed over, indicating that this region has improved resilience under friction conditions, 
characterised by improved ductility and potentially shows improved bonding. As before with the Standard 
material, this level of coverage becomes apparent only with extreme surface temperatures of testing. 
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Figure 4.24 – SEM images a), b) and c) of the friction surface of Coating 1 after the High Speed Fade section, as tested on ID2 
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5. Friction Performance and Characterisation of Coating 2 
 
5.1. Bedding Friction Performance 
 
 
Figure 5.1 – Bedding Friction Performance of Coating 2, as tested on ID1 
 
The data in Figure 5.1 shows the friction testing results for the Bedding performance of Coating 2, as 
tested on ID1. The initial friction level in the Green segment (1) is 0.29, far higher than that seen on the 
Standard material. This continues rising through the first ten snubs to 0.35, and then rising further to 0.39 
at 20 and 30 snubs, approximately 0.05 higher than standard. The in-snub friction shape is flat turning to 
a rising coefficient of friction, with lots of small fluctuations throughout. Surface temperature rise is 
initially to 130°C, falling gradually with the observed increasing coefficient of friction to 110°C. 
Through the Bedding segment, the friction level is initially at 0.39, rising slightly to a very consistent 
0.40, 0.05 higher than standard. The in-snub shape displays the same fluctuation, and a trend to show flat 
to slightly rising coefficient of friction shape. Surface temperature increase is to a consistent maximum of 
130°C. 
The Characteristic segment has a coefficient of friction level of 0.40, with a consistent rising in-snub 
shape (rising by 0.04), showing improved friction stability over the Standard material. The surface 
temperature rise is consistently to a maximum of 140°C. 
When tested on ID2 (Figure 5.2), the initial coefficient of friction level for Coating 2 in the Green 
segment (1), has a value of 0.32, rising over 10 snubs to 0.39, then rising further to 0.41 at 20 and 30 
snubs. As with the testing on ID1, these values are a step increase over Standard, almost 0.11 higher. The 
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temperature rise is low, only reaching above 100°C after 5 snubs, and the subsequent maximum surface 
temperature is 140°C. There is a large amount of fluctuation displayed in the in-snub trace, though a trend 
to switch from a falling to flat coefficient of friction through the section can be discerned. 
 
Figure 5.2 – Bedding Friction Performance of Coating 2, as tested on ID2 
 
Through Bedding (2), the friction level exhibits some of the same characteristic fluctuations as seen 
previously on ID2 for the Standard material and Coating 1, but the fluctuations from snub to snub 
observed are far smaller, and the general friction level is higher with a maximum of 0.47 and minimum of 
0.38 for the average coefficient of friction. Surface temperature increase is negligible. 
The Characteristic (3) friction level is very consistent and stable at 0.39, and the surface temperature rise 
is likewise negligible. 
Throughout this section there is a high frequency of observed fluctuation in each snub, although the level 
of fluctuation is generally low within 0.04. This is indicative of a large amount of torque variation within 
each snub, and is usually characteristic of one section of the disc “grabbing” the pad as it rotates and 
comes into contact, causing the torque variation displayed. This could translate to uncomfortable pedal-
feel on vehicle testing, and so repeat dynamometer testing to verify if this is anomalous behaviour, or a 
feature of this coating would need to be conducted. Alternatively, on-vehicle testing would verify the 
severity of any problem in real world conditions. 
 
5.2. Speed/Pressure Sensitivity 
 
In the Speed/Pressure Sensitivity on ID1 (Figure 5.3) the friction level is higher than Standard again, 
beginning in segment 4.1 at around 0.39 and rises slightly before falling by around 0.05. This small fall in 
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the coefficient of friction with increasing pressure is repeated through each subsequent segment 4.2-4.5. 
With increasing speed, the general value of friction falls gradually throughout the segments to 0.32 in 
segment 4.5. The surface temperature rise reaches a maximum of 170°C in some snubs, with the highest 
increase seen at lower pressures; with this displayed trend repeated through each segment. The friction 
shape throughout switches from a rising to a falling coefficient of friction, and some of the fluctuations in 
the coefficient of friction from the Bedding section are still evident at lower pressures. 
 
 
Figure 5.3  – Speed/Pressure Sensitivity performance of Coating 2, as tested on ID1 
 
Characteristic (5) friction is initially 0.36, rising to 0.39 at the end of the segment. Temperature is very 
consistent throughout, rising to a maximum of 140°C. There is a loss of consistency which had been seen 
in bedding, but friction is at a similar level. 
 
Figure 5.4 – Speed/Pressure Sensitivity performance of Coating 2, as tested on ID2 
 
Comparing the test results from ID2 (Figure 5.4) the friction performance through the Speed/Pressure 
Sensitivity section displays more consistent performance. As with ID1, a fall in the coefficient of friction 
as the pressure increases is observed, from initial values of ≈0.47 to final values of ≈0.3 .  his is 
consistent at all speeds through segments 4.1-4.4. In segment 4.5 the initial friction is still at 0.47, but 
final friction falls to 0.30. The fall in friction with increasing pressure is more gradual and consistent 
across the pressure range, when compared with the Standard material. The surface temperature rise 
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throughout is negligible. The in-snub fluctuations from the Bedding segment are still very evident, though 
these are noticeably reducing through segment 4.5. 
In the Characteristic (3) friction check the coefficient of friction level is constant at 0.38, and the in-snub 
shape is flat, with negligible rise in surface temperature. The fluctuations in the coefficient of friction 
seen previously are no longer evident. This is overall similar in trend, but lower in value than bedding. 
 
  
  
Figure5.5  – Optical microscopy images a), b), c) and d) of the friction surface of Coating 2 after Bedding Friction Performance and 
Speed/Pressure Sensitivity, as tested on ID2 
 
The OM images (Figure 5.5) of the friction surface of Coating 2 after Bedding and Speed/Pressure 
Sensitivity, on ID2, shows some build-up of transferred material in patches across the surface. The in-
plane carbon fibre regions are easily identifiable by their striped and bundled appearance, but show little 
deposition of FTF. Some of the carbon fibres have some smoothing and improved reflectivity indicating 
contact with the friction pad during testing, although this is not seen across all fibres and indicates contact 
with a small proportion of these. In the regions between the fibre bundles we can see the build-up of some 
materials, and at higher magnifications we can see that in some of these regions the materials have 
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become smoothed from friction and show some level of densification. Other patches show a more porous 
nature, indicating that these have not deposited as successfully. From examination of the surface, it is 
clear again that the vast majority of the coating has been removed during friction, and there is no evidence 
under OM conditions that this remains after Bedding. 
  
 
Figure 5.6 – SEM images a), b) and c) of the friction surface of Coating 2 after Bedding Friction Performance and Speed/Pressure 
Sensitivity, as tested on ID2 
 
Under SEM conditions (Figure 5.6), we can see that the transferred materials build up in the regions 
where the carbon fibres are perpendicular to plane, or in the ceramic regions between the in-plane carbon 
fibre bundles. At higher magnifications we can see that the deposits have a more smoothed appearance 
than was visible under OM conditions. We can see a general smeared deposit, with varying sizes of 
particles retained within. In some regions we can see large areas of lighter contrast than the rest of the 
deposit indicating this is a deposit of one particular compound or element. Many of the large dark grey 
contrasting particulates have a similar contrast to that of the carbon fibres. 
In the higher magnification images (Figure 5.6 c)) we can see where the transferred deposits meet the Cf 
regions. Within the centre of the layer can be seen many particulates of varying sizes, there are some 
loose debris on the top of the layer, and at the bottom edge we can see that the layer is forming from 
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many wear particles consolidated together, these appear to be spreading over the carbon fibre region also. 
The Cf seen at higher magnification has clearly been fractured during friction, with the fractured segment 
removed and either ejected or crushed during friction to form part of the transferred deposits elsewhere at 
the surface. As with OM, there is little evidence of the remains of the coating. 
 
 
Figure 5.7  – EDX mapping a) and b) of the friction surface of the Coating 2 after Bedding Friction Performance and Speed/Pressure 
Sensitivity, as tested on ID2 
 
The EDX mapping shown in Figure 5.7 a) is of a broad area of the friction surface. The regions of carbon 
fibre bundles can easily be identified from the image, and the carbon (21.0 wt%) map confirms this along 
with showing some overlap with the silicon map.  he silicon (3.1 wt%) map, and it’s overlapping with 
carbon, indicate that these regions between the carbon fibre bundles are silicon or silicon carbide regions; 
comparing with the image again it is clear that the FTF formed has formed predominantly within and on 
these silicon or silicon carbide regions. The map for iron (3.0 wt%) shows a general spread throughout 
these regions, with particular intensity where the lighter contrast regions are within the FTF. Considering 
the maps shown for aluminium (0.9 wt%), oxygen (64.9 wt%) and phosphorous (1.4 wt%), these overlay 
each other well, also corresponding with where the FTF has deposited. There is particular intensity with 
oxygen and aluminium showing bright spots in the same areas, with an increased intensity in phosphorous 
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in these areas also. This would indicate that these are potentially regions of coating still present at the 
friction surface although not visible via images. 
The higher magnification mapping (Figure 5.7b) showing a section of the FTF is useful in identifying 
common features. The dark contrast regions in the main FTF show in the maps to be particularly rich in 
silicon (27.1 wt%), with some overlap with carbon (17.0 wt%), and so this FTF can be assumed to have 
formed in a silicon or silicon carbide region. The dark grey particle in the centre of the image is carbon, 
likely a segment of dislodged fibre captured from another region of the surface. The iron (11.3 wt%) map 
shows that this is spread well around the remaining area in between the ceramic peaks. The mapping for 
oxygen (19.7 wt%) and aluminium (1.8 wt%) particularly also correspond again, with overlapping with 
phosphorous (3.1 wt%) also. This would indicate that this remaining FTF is deposited on or in part of the 
original coating. Mapping did not show any presence of boron at this stage in the test, which would 
suggest that either, any boron carbide from the original coating may have been removed, or the EDX 
probe may not be capable of collecting the X-rays generated from boron under these collecting 
conditions. 
 
5.3. Wet Friction Performance and Wet Friction Recovery 
 
 
Figure 5.8 – Wet Friction Performance and Wet Friction Recovery of Coating 2, as tested on ID1 
 
The pre-wet Characteristic (24) friction is very high in Figure 5.8, with average values very consistently 
around 0.58 as seen previously, with a very consistent sharply rising coefficient of friction. Temperature 
rise through the Characteristic segment reaches a maximum of 120°C. The Water Baseline (25) is 
likewise consistent with average coefficient of friction values around 0.54, with an in-snub trend for a 
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rising then falling coefficient of friction shape, with surface temperature consistently reaching a 
maximum of 110°C. 
In segment 27, after the application of water, friction instantly drops to 0.25 for the first two snubs, and 
then rises through the recovery segment to reach its Bedding Characteristic value of 0.40 within 8 snubs. 
The in-snub shape is a steep falling coefficient of friction. From here the friction level continues to rise, 
finishing at a stabilising value of 0.50 near to but not quite reaching its Water Baseline, and with a similar 
snub shape. Surface temperature is initially ambient, but rises to 110°C by the sixth snub, and then 
remains consistent with a maximum in-snub rise to 120°C. 
As can be seen in Figure 5.9, during the Wet Friction testing on ID2, the friction level falls dramatically 
from its stable dry friction values, similar to that seen on the Standard material. Through Wet 
Characteristic 1 the friction value is far higher than Standard at 0.17 and, unusually, rises to 0.19 through 
snubs 2 and 3 where it remains stable for the final three snubs. Similar performance can be observed in 
the second section, where the initial friction level is 0.16 and rises to a stable value of 0.18. In-snub trace 
has a slightly rising trend throughout. 
 
Figure 5.9 – Wet Friction performance of Coating 2, as tested on ID2 
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Figure 5.10 – Optical Microscopy images a), b), c) and d) of the friction surface of Coating 2 after the initial Wet Friction Performance 
section, as tested on ID2 
 
Looking at the friction surface of Coating 2 after Wet Friction in Figure 5.10 clearly shows that much of 
the transferred materials built up prior to Wet Friction have been dislodged and removed. Much of the 
ceramic regions have been polished through friction, indicated by their increased reflectivity and 
increased visibility under these images conditions, also indicating that there is less FTF coverage on top 
of these regions. This is contrasted by the darker regions surrounding, owing to low levels of reflected 
light in these regions. Some of the in plane carbon fibre bundles have also seen more contact, 
characterised by their smoothed surfaces. 
At higher magnifications it can be seen that in amongst the ceramic regions there are still some deposits 
remaining. In some regions the surface has a grey cracked glassy appearance, not seen on that of the 
Standard material. Whilst it does not take the appearance of the coating prior to friction, it does appear 
similar to some regions observed on Coating 1. 
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Figure 5.11 – SEM Images a) and b) of the friction surface of Coating 2 after the initial Wet Friction section, as tested on ID2 
 
Under SEM conditions (Figure 5.11) we can see further the extent of the removal of the transferred 
materials; much of the surface is now exposed carbon fibres, covered with loose and powdery wear 
debris. Any remaining consolidated deposits are found in the ceramic regions between bundles.  In the 
regions where there are deposited materials, these can be difficult to distinguish from the ceramic regions 
of the substrate, but owing to their complex make-up they can be identified by the varying contrasts in the 
regions. They still have some of the smoothing effects seen in the friction surface prior to wet friction, but 
new features such as large scale cracking and increased powdering can be seen at the edges of FTF. 
Using EDX mapping as seen in Figure 5.12 a) a region with a large amount of cracking as seen under OM 
conditions. The silicon (19.7 wt%) map shows this to be a predominantly silicon region, with some 
overlap with carbon (23.1 wt%) indicating that this could also be silicon carbide. The darker chunks in the 
centre of the image are likely to be segments of carbon fibre debris. The map for iron (7.2 wt%) shows 
the general spread of typical transferred debris such as iron, copper, and zinc. The cracked regions show 
high intensity in phosphorous (9.5 wt%), oxygen (28.3 wt%) and some overlap with aluminium (3.4 
wt%), which indicates that the cracked region seen under OM conditions in Figure 5.10 could potentially 
be part of the original Coating 2. 
The second map (Figure 5.12 b)) shows a region of more typical FTF, on the edge of a carbon fibre 
bundle seen in the lower section of image. Mapping confirms that this is a carbon fibre bundle, with some 
carbon (31.0 wt%) showing where there are dark spots within the FTF. The silicon (16.6 wt%) map 
shows that silicon is a large region within this FTF, and again with some overlap with carbon, this could 
be silicon carbide. The iron (8.0 wt%) map shows that this has generally deposited in the non-carbon 
regions, and corresponds well with the oxygen (21.1 wt%) map. The oxygen and phosphorous (5.9 wt%) 
maps correspond well with each other again, with some overlap with the aluminium (1.5 wt%) maps in 
this region also. 
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Figure 5.12 – EDX mapping) and b)  of the friction surface of Coating 2 after the initial Wet Friction section, as tested on ID2 
 
Neither of the maps highlights any particular presence of boron over the already present carbon, 
indicating again that either boron carbide is not visible in these maps, or that the EDX probe is not 
capable of detecting the X-rays from boron under these operating conditions. Both maps show that 
although the OM images show not much presence of any transferred materials, these materials are 
actually present, albeit to a far lesser extent than seen previously. 
 
Figure 5.13 – Post-Wet Friction Recovery of Coating 2, as tested on ID2 
 
In the Post-Wet Friction Recovery section (Figure 5.13) the initial dry friction in segment 4.1 is low, 
around 0.23 and there is a small rise through these first four snubs, but this is minimal. Through the main 
pressure segments (4.2-4.5) there is an observed steady fall in the coefficient of friction with increasing 
pressure, and any variation is low and falls by a maximum of 0.08 through each segment. With increasing 
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speed through each subsequent segment, the general friction level begins to rise; beginning in segment 4.2 
the friction level is initially around 0.30 falling to 0.23, and finishing in segment 4.5 with 0.39 falling to 
0.30. These values are lower than those seen in the earlier Speed/Pressure Sensitivity seen after Bedding, 
but are equivalent to those seen on the Standard material at the same segment in the test. The temperature 
rise initially is negligible, and rises throughout, to an occasional maximum value of 140°C. 
Characteristic friction starts at 0.40 and falls steadily to 0.31 through the segment. In-snub the shape 
trends from a flat to falling coefficient of friction, and surface temperature rise is to a maximum of 140°C. 
The values are similar to those seen prior to Wet Friction, but the trend is not. 
  
Figure 5.14 – Optical Microscopy images a) and b) of the friction surface of Coating 2 after the Post-Wet Friction Recovery section, as 
tested on ID2 
 
Under OM conditions (Figure 5.14) we can see that some transferred materials have begun to deposit 
successfully after the Wet Friction section, and seemingly to an equivalent or greater extent than that seen 
prior to wet friction on Coating 2. The transferred materials are depositing predominantly in the ceramic 
regions as before, with little formation directly on the carbon fibre regions, although there are some signs 
that the FTF is spreading across these regions also. At higher magnifications the FTF appears to be 
smoothed from friction, with some grooves indicating plastic deformation. The FTF also appears porous 
rather than shiny and well consolidated. 
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Figure 5.15 – SEM images of the friction surface of Coating 2 after the Post-Wet Friction Recovery, as tested on ID2 
 
In the SEM images (Figure 5.15) we can see the transferred materials building up a good layer across the 
surface. The deposited FTF is large and covers broad regions of the friction surface. Owing to the darker 
contrast regions shown in much of the FTF and the exposed carbon fibre bundles surrounding, it would be 
reasonable to assume that much of the formation has occurred on the ceramic regions. As seen on the 
OM, there is further evidence that the FTF is spreading across the surface, to the extent that this is 
beginning to cover some of the Cf/C regions. At higher magnifications the surface also takes a smeared 
paste type appearance, indicating that this smearing behaviour is probable. 
 
Figure 5.16 – EDX mapping of the friction surface of Coating 2 after the Post-Wet Friction Recovery, as tested on ID2 
 
The EDX mapping of the Post-Wet Friction Recovery section in Figure 5.16 is taken from a region of 
FTF. The mapping shows that the large region of lighter contrast material in the FTF is iron rich, but with 
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little overlap from the oxygen (21.6 wt%) map this is unlikely to be an oxide of iron. The carbon (19.8 
wt%) and silicon (18.5 wt%) maps show that the darker contrast regions in the top right and bottom left 
corners are likely to be silicon carbide, and thus this area of FTF is likely to be on a ceramic region. The 
maps for oxygen and copper (16.7 wt%) overlap, along with iron, indicating that the general region 
around the ceramic peaks is likely to be FTF. Looking at the aluminium (2.8 wt%) and oxygen maps 
more closely, there are corresponding intensities, which also correspond with those in phosphorous (0.7 
wt%). Of great interest is the very dark contrast particle within the iron region; mapping shows this to be 
boron, and without significant intensity from the carbon map in the same region, this can be reasonably 
assumed to be boron rich. The combination of this with the aluminium, phosphorous and oxygen overlaps 
surrounding it indicate that this is likely a part of the original Coating 2, and the darker particle is likely to 
be boron carbide. 
 
Figure 5.17 – Repeat Wet Friction Performance of Coating 2, as tested on ID2 
 
In the Repeat Wet Friction testing (Figure 5.17) the friction level has once again fallen significantly over 
dry friction to 0.18, but again displays a slight rising coefficient of friction to 0.2 through the segments, 
and is at a similar level to that seen on the Standard material. The friction performance in both Wet 
Characteristic 1 and 2 is almost identical. The in-snub trace is flat throughout. 
OM images in Figure 5.18 shows the presence of a large proportion of transferred materials still present at 
the friction surface after Repeat Wet Friction. From the regions available in the core samples taken it is 
difficult to determine any carbon fibre regions present. The ceramic peaks have increased visibility 
showing that they are uncovered and have improved reflectivity. At higher magnifications it becomes 
clear that the transferred materials actually have an appearance very similar to that of the original coating, 
with the addition of other colours indicating that other transferred materials are embedded or mixed 
within. 
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Figure 5.18 – Optical Microscopy images a), b), c) and d) of the friction surface of Coating 2 after the Repeat Wet Friction section, as tested 
on ID2 
 
  
Figure 5.19 – SEM Images a) and b) of the friction surface of Coating 2 after the Repeat Wet Friction section, as tested on ID2 
 
Under SEM conditions it is clear that the surface is covered in FTF; where no carbon fibres or carbon 
regions were evident under OM conditions, these are now visible, but are few and far between, indicating 
that these are most likely covered by FTF. The FTF has a different appearance from usual, whereby it 
generally consists of darker grey regions surrounded by the lighter grey of the usual FTF. At higher 
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magnifications there are also visible some very dark contrast particles, which are spread very generally 
throughout the observed FTF. 
 
 
Figure 5.20 – EDX Mapping a)and b) of the friction surface of Coating 2 after the Repeat Wet Friction section, as tested on ID2 
 
The EDX mapping shown in Figure 5.20 a) is from the friction surface of Coating 2 after Repeat Wet 
Friction, and as seen in the prior SEM images, there is a lot of apparent FTF. The first region chosen is of 
a region with a few carbon fibres showing, and the carbon (17.8 wt%) map confirms this to be the case. 
Furthermore, with the silicon (9.0 wt%) map overlaid it is clear that this is a carbon fibre with silicon or 
silicon carbide region, with much of the grey contrast in the FTF around the fibres corresponding to the 
silicon map. The iron (13.4 wt%) and copper (7.5 wt%) maps show that they are spread throughout the 
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FTF, with iron in particular also showing high intensity on the carbon fibre or ceramic regions. The rest 
of the region corresponds well with the oxygen (24.0 wt%), aluminium (11.4 wt%), and phosphorous (2.8 
wt%) maps, indicating that this may well be some of the original coating as opposed to FTF. In support of 
this is the boron (5.4 wt%) map; this map shows a clear distinction between boron and carbon, with little 
overlapping intensity indicating that the darker particles in the image which the boron map corresponds 
with are rich in boron. Being in an area surrounded by aluminium, oxygen, and phosphorous it is 
extremely likely to be Boron. 
In the second map (Figure 5.20 b)), this time of a pure FTF region similar to that seen broadly across the 
friction surface, the mapping shows that this is not a specific carbon (5.9 wt%) or silicon (1.9 wt%) 
region area, and detects high quantities of boron (8.9 wt%), aluminium (24.0 wt%), oxygen (34.9 wt%) 
and phosphorous (4.1 wt%), with typical FTF constituents combined within such as iron (14.1 wt%) and 
copper (2.8 wt%). Comparison of the boron and carbon maps shows that again there is little overlap in 
intensity, showing that these are likely boron rich particles, and being in an equally rich aluminium, 
oxygen, and phosphorous region, these particles are likely to be boron carbide. 
 
5.4. High Temperature Performance 
 
 
Figure 5.21 – High Temperature Fade of Coating 2, as tested on ID1 
 
The data shown in Figure 5.21 is taken from the High Temperature Fade testing section on ID1. The 
friction level is initially around 0.42 (11), falling slightly to 0.40 in the first few snubs, then rising to 
value of 0.44 in snubs 5 and 6 where it remains fairly consistent to the end of the segment. The 
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temperature rises quickly through each snub, and reaches consistent in-snub temperatures above 400°C 
around snub 5 or 6 onwards. 
Characteristic (12) friction is initially 0.46, rising to 0.48 and then settling to 0.46 at the end of the 
segment. Temperature increase is to a maximum of 140°C consistently. 
 
Figure 5.22 – Repeat High Temperature Fade of Coating 2, as tested on ID1 
 
Through the Repeat High Temperature Fade section on ID1 (Figure 5.22), the initial friction is at 0.48 and 
falls to 0.43, rising to 0.46 in snubs 4 and 5, where it remains consistent until snub 11. At this point 
friction begins to fall slightly, finishing at a value of 0.42. The in-snub friction shape is more consistent in 
this segment than in the first segment. The temperature rise through each snub is sharper than in the first 
segment, and reaches 400°C in snubs 5/6. Temperature level is around 500°C during snubs 10 and 11 
where the friction level falls away. The in-snub friction shape is very consistent until the temperature falls 
away, and although it retains the same shape, displays less variation. Characteristic friction is initially at 
0.47, rising to 0.5, the in-snub shape displays an increasingly sharp rising coefficient of friction. The 
temperature increase in each snub is consistent to 140°C. 
Through both of these runs the friction level remains very consistent, more so than the Standard material, 
although Standard does exhibit higher friction in the Repeat segment. 
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Figure 5.23 – High Temperature Fade of Coating 2, as tested on ID2 
 
Comparing this with the testing conducted on ID2 (Figure 5.23), through the initial Characteristic, the 
friction level is at similar level to pre-wet and rising slightly from 0.38 to 0.41, and with an increasingly 
rising in-snub coefficient of friction shape. Temperature initially rises to only 110°C, but stabilises 
quickly around a maximum of 120°C. 
Through the High Temperature Fade cycle the friction level continues to rise slightly from initial values 
of 0.46 to 0.53 within five snubs. At this point the temperature is rising still, and has reached a value of 
250°C. From here until snub 13 the coefficient of friction level is stable at 0.53 with increasing 
temperature. Through snubs 14 and 15 the friction level appears to fall slightly to 0.51; without further 
snubs it would be difficult to determine if this as a temporary or ongoing effect. The temperature here has 
reached 400-420°C. 
The final characteristic segment maintains a high value of 0.40, rising slightly to 0.42, and again with an 
increasingly rising coefficient of friction shape through the section, with temperature rise stable and 
peaking at 120°C. 
 
Figure 5.24 – Repeat High Temperature Fade of Coating 2, as tested on ID2 
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In the Repeat High Temperature Fade on ID2 (Figure 5.24) the initial Characteristic segment has a 
friction level of 0.50, rising over previous characteristic levels. The friction level is stable at 0.50 
throughout with only a small fluctuation observed in snub 3. Temperature rise is maximum to 120°C. 
Through the Repeat High Temperature Fade segment, the friction level begins at 0.50 and remains 
absolutely consistent around this value for the entire cycle. The in-snub friction fluctuates, but shows the 
same trend throughout the cycle, with only a small variation in the voracity of the falling-rising 
coefficient of friction trend. 
The final Characteristic shows a similar trend to the initial, with a stable value (although lower at 0.44), 
and a small fluctuation in snub 3. Temperature rises to a maximum of 120°C again. 
Through both of these tests on both dynamometers, Coating 2 displayed excellent friction stability under 
the extreme temperature conditions, especially when compared with Standard. On ID2, Coating 2 exhibits 
higher friction levels also. 
OM images (Figure 5.25) shows a good spread and deposition of FTF across the friction surface. Some of 
the ceramic peaks are still visible along with some of the carbon fibres. Likewise, there are still dark 
patches. Looking at the carbon fibre regions more specifically, some of the FTF appears to be smearing 
over and covering some of the Cf/C regions between closely located ceramic regions. At higher 
magnifications the FTF appears to have a porous nature still, with some smearing evident. This level of 
FTF formation is typical for that seen after a High Temperature section, but also appears very similar to 
that seen after the Post-Wet Friction Recovery (Figure 5.14). 
  
Figure 5.25 – Optical Microscopy images a) and b) of the friction surface of Coating 2 after High Temperature Performance, as tested on 
ID2 
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Figure 5.26 – SEM images a) and b) of the friction surface of Coating 2 after High Temperature Performance, as tested on ID2 
 
SEM images (Figure 5.26) confirms what has been observed under OM conditions, but shows more 
clearly that the FTF has not deposited on the Cf bundles regions, although there is a little spreading across 
from closely located ceramic regions with FTF, acting to bridge the gap between the ceramic regions. The 
ceramic peaks appear to surround where the FTF forms generally and any FTF which has formed is well 
consolidated. There are no obvious signs of the coating under either OM or SEM conditions. 
 
5.5. High Speed Performance 
 
The first High Speed Fade Performance segment is run after the Repeat Wet Friction section on ID2. As 
can be seen in Figure 5.27, the initial friction level is low at 0.30, as could be expected, rising quickly 
with temperature to a peak of 0.44 at 400°C before falling to a stabilising value of 0.38. During the snub 
(8) where it begins to stabilise, the temperature begins at 500°C. Through the Characteristic segment the 
friction level begins at 0.46 and rises to 0.6 with a steep rising coefficient of friction through each snub. 
Temperature is stable, rising to a maximum of 140°C in each snub. 
 
 
Figure 5.27 – High Speed Performance of Coating 2, as tested on ID2 
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In the repeat High Speed Fade segment the initial friction level is 0.46 where it remains stable until 
around 400°C, at which point it falls to a value of 0.38 in snub 7, stabilising once temperatures reach 
500°C, and remaining at this value 0.38 for the remainder of the section. The final characteristic starts at 
0.52 and rises to 0.60 where it remains stable. Temperature rise maximises at 140°C. 
As with the High Temperature Fade testing, Coating 2 exhibits excellent stability and consistency at these 
extreme temperatures.  
  
Figure 5.28 – Optical Microscopy images a) and b) of the friction surface of Coating 2 after High Speed Fade, as tested on ID2 
 
As seen on other tests at this stage, the friction surface has become entirely covered in a FTF scale. The 
images in Figure 5.28 give a representative view of the friction surface at this point, showing the general 
spread of the FTF. There are holes and voids in the FTF, but it is difficult to identify the substrate below 
these voids to determine if this is relevant to the voids, and even more so it is difficult to determine any 
ceramic peaks which would normally show through the FTF. At higher magnification the layer is well 
consolidated with little porosity, with some grooves running along the surface. There are also a few 
cracks which have appeared in the FTF. 
SEM images (Figure 5.29) shows that the vast majority of the surface is covered in a well densified layer 
of FTF, although now it is possible to see through the voids to the substrate below, and as seen 
previously, the regions where the FTF has become detached are generally carbon fibre or carbon regions. 
At higher magnifications the surface of the FTF has a smeared paste like appearance. 
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Figure 5.29 – SEM images a) and b) of the friction surface of Coating 2 after High Speed Fade, as tested on ID2 
 
 
Figure 5.30 – EDX mapping of the friction surface of Coating 2 after High Speed Fade, as tested on ID2 
 
Looking at the silicon (6.5 wt%) map in the EDX mapping summary shown in Figure 5.30, what appears 
to be some regions of silicon or silicon carbide sweeping horizontally across. These appear similar to 
those elsewhere, such as Figure 5.26 a), with what are potentially carbon fibre bundles sweeping 
alongside to these. Unfortunately the carbon (9.6 wt%) map is not clear enough to distinguish any 
patterns to confirm this. If accurate, however, this shows that the FTF can form across the broader friction 
surface under extreme high temperature conditions. Comparing the maps for the typical FTF constituents 
of iron (11.3 wt%), copper (7.2 wt%) and zinc (40.2 wt%), it can be seen that zinc and iron show a 
negative correlation, possibly indicating that they do not form FTF by bonding together, but by depositing 
around each other. The copper map and oxygen (18.7 wt%) maps both spread fairly homogeneously 
across the surface. As seen previously after the High Speed Fade testing, zinc shows a distinctively high 
proportion of the FTF, unlike at any other section of the test. 
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5.6. Simulating Railway Friction 
 
Figure 5.31 shows that data for the Railway Simulation section of the test on ID1, and Pre-Rail friction is 
very stable and consistent at 0.5 as seen on the Standard material, with consistent temperature rise to 
190°C, and consistent in-snub coefficient of friction shape, rising with a small fall towards the end, 
matching the in-snub trend at the end of the High Temperature Fade section. 
 
Figure 5.31 – Railway Simulation of Coating 2, as tested on ID1 
 
In segment 22.1, under low-pressure the friction level is very stable at 0.5 throughout, with rising and 
falling surface temperature peaking at 480 °C. Total duration of the stop is 280 seconds. There is some 
fluctuation, but this is minimal. 
In 22.2, friction is stable around 0.5 until surface temperature reaches around 400°C, at which point the 
friction level rises. This then continues throughout the stop peaking at a maximum coefficient of friction 
around 0.90, and maximum temperature of 640°C. Total duration of the stop is 150 seconds. 
In 22.3 the temperature rises rapidly, but friction remains very constant around 0.5. The test then reaches 
the thermal cut-off and the stop is finished early at 50 seconds. 
This testing shows an improved stability and consistency with different pressures, and particularly good 
stability under constant low pressure applications, when compared with the Standard material and the 
observed flatline coefficient of friction shape is highly desirable in this application. 
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5.7. Characterisation of the Friction Surface of Coating 2 After Complete Friction 
Testing, As Tested On ID1 
 
OM images of the friction surface of Coating 2, as tested on ID1, seen in Figure 5.32, shows instantly a 
good coverage across the friction surface of FTF. At lower magnifications it can be seen to form 
predominantly in and around the ceramic peaks. In some images there is a typical friction surface evident, 
where the FTF has formed on the ceramic regions between the Cf bundles; but in this case, the FTF has 
also visibly spread across the fibre bundle regions to bridge the gap (in this scenario ≈150 µm) to the 
neighbouring ceramic region. Whilst some smearing and spreading is seen on the Standard material, it is 
not seen to this extent. At higher magnifications, the FTF appears to be well deposited and well 
consolidated, with some grooves throughout the FTF also. 
 
  
  
Figure 5.32 – Optical Microscopy images a), b), c) and d) of the friction surface of Coating 2 after complete friction testing on ID1 
 
Under SEM conditions (Figure 5.33) the friction surface can be observed to have a large proportion of 
FTF deposited across it, confirming what has been observed under OM. In most regions this appears to be 
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well consolidated, with the smooth and smeared appearance seen in other sections of the test on ID2. In 
other regions, this appears powdery and loose, generally in the regions directly neighbouring the 
consolidated FTF regions, and with a sharp shelf or boundary between indicating that perhaps FTF has 
deposited here previously, but has become detached and dislodged. The consolidated regions tend to have 
a good spread of the darker contrasting particles, previously identified as silicon or silicon carbide 
regions, indicating this is formed around the ceramic peaks. The crumbled and powdery deposits tend to 
be formed on the carbon regions. There seems to be little evidence under images of Coating 2 at the 
friction surface. Comparing with the Standard material, it can be observed that the level of coverage of 
the consolidated FTF has increased. 
  
  
Figure 5.33 – SEM images a), b), c) and d) of the friction surface of Coating 2 after complete friction testing on ID1 
 
In the first EDX map shown (Figure 5.34 a)) there is a region of well consolidated FTF with a step or 
shelf to powdery or loose deposits in the neighbouring section, and with some voids in the region below 
in the image. The map for carbon (20.5 wt%) confirms that this is likely to be a carbon fibre region, with 
some overlap with silicon (18.8 wt%) indicating there could also be some silicon peaks here. The silicon 
map also shows the darker contrast regions in the centre to be silicon or silicon carbide. The maps for the 
FTF constituents iron (14.7 wt%), copper (8.4 wt%), and zinc (6.7 wt%) show that these are spread 
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throughout the FTF. The maps for aluminium (1.7 wt%) and phosphorous (0.5 wt%) also identify a 
couple of regions where these overlap in the voids within the silicon or silicon carbide regions. 
 
 
Figure 5.34 – EDX mapping a) and b) of the friction surface of Coating 2 after complete friction testing on ID1 
 
The second map (Figure 5.34 b)) is of a region of almost pure FTF. The silicon (4.5 wt%) and carbon (8.1 
wt%) shows these to be small particulates throughout the region, with a faint outline of a silicon rich 
region across the top of the image, indicating that in this situation these are predominantly wear debris 
which have formed part of the FTF. The maps for oxygen (24.1 wt%), iron (21.2 wt%), and copper (17.8 
wt%) confirm this to be predominantly FTF. The map for aluminium (1.9 wt%) shows some overlap with 
that of oxygen indicating that there are some potential alumina particles present within this region, but the 
phosphorous (0.6 wt%) map is of a faint spread throughout which does not show particular intensity with 
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the aluminium maps.  he boron map shows that the dark contrast particle of ≈1 µm diameter is boron 
rich, but not carbon rich, indicating that this could be a solitary boron carbide particle in the FTF at this 
point. Neither map confirms the presence of the coating still remains at the friction surface after complete 
testing, but the region of overlapping aluminium and phosphorous in map a) does indicate this is a 
possibility. 
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6. Friction Performance and Characterisation of Coating 3 
 
6.1. Bedding Friction Performance 
 
 
Figure 6.1 – Bedding Friction Performance of Coating 3, as tested on ID1 
 
Initial Bedding Friction Performance for Coating 3 during the Green (1) section of Bedding, as tested on 
ID1, can be seen in Figure 6.1. This starts with a value around 0.26 for the first three snubs and then rises 
steadily to 0.35 in 10 snubs, rising further to a final value of 0.39 at 20 and 30 snubs. In-snub friction is 
very flat initially, with a trend for a very slight rise-fall shape at the end of this segment. Surface 
temperature rise is negligible. 
Through the Bedding segment (2), friction performance continues around 0.39, rising steadily throughout 
to final values of 0.41, appearing consistent throughout. The in-snub shape is flat, although a trend to 
indicate the start of a rising coefficient of friction can be observed in the latter stages. 
Through the Characteristic segment (3) the friction performance is very consistent around 0.42 with a 
consistent rising in-snub coefficient of friction shape, rising by around 0.04. Throughout the sections, the 
surface temperature rise is negligible. 
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Figure 6.2 – Bedding performance Coating 3, as tested on ID2 
 
When tested on ID2 the performance differs (Figure 6.2); the friction data for the Green (1) segment 
shows a very low starting coefficient of friction of 0.20 very similar to Standard, with 10 snubs required 
before an observable increase can be noted, with 20 snubs required to reach a value of 0.30. The final 
friction value in this segment is 0.32 at 30 snubs. The in-snub shape shows a trend from an initially flat to 
an increasingly rising coefficient of friction. 
Through Bedding (2) the friction level varies with each snub as seen on this test before, and is the same as 
or a small step higher than that seen on the Standard material, with the same fluctuations as observed 
previously. The minimum average coefficient of friction is 0.30, with a maximum of 0.41. The in-snub 
friction shape is a rising coefficient of friction in each snub. Surface temperature is consistent, rising to a 
maximum of 140°C in each snub. 
During the Characteristic (3) the friction level is a consistent 0.41, slightly higher than Standard with a 
consistent rising in-snub coefficient of friction shape, rising by 0.08 through each snub. Surface 
temperature is likewise consistent to a maximum of 150°C. 
 
6.2. Speed/Pressure Sensitivity 
 
Through the Speed/Pressure Sensitivity section on ID1 (Figure 6.3), initial friction in segment 4.1 starts at 
0.38 rising quickly to 0.41 before falling slowly towards 0.38 in the final snub. This trend for a slight 
rising then falling average coefficient of friction with increasing pressure is repeated through the 
subsequent segments 4.2-4.5, with the final value always being equal to or less than the initial value. 
Friction variation never exceeds 0.06 through all Speed/Pressure segments. As the speed increases, the 
overall friction level falls slightly, and in the final segment (4.5) the friction level has fallen to around 
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0.31, similar to that seen on the Standard material. The in-snub shape for each segment varies by 
switching gradually from a rising to a falling coefficient of friction as pressure increases; at higher speeds 
this trend changes and the in-snub shape switches from a steep to shallow declining coefficient of friction. 
Surface temperature increase is minimal and consistent through the segments, with a maximum of 140°C 
in the lower pressure snubs. 
 
Figure 6.3 – Speed/Pressure Sensitivity performance of Coating 3, as tested on ID1 
 
Through the Characteristic segment it can be observed that the average coefficient of friction rises from a 
value of 0.34 to 0.39, with an increasingly steep or sharp rising shape in-snub, with a maximum rise of 
0.05. The surface temperature rise is low and consistent to a maximum of around 110°C. 
 
Figure 6.4 – Speed/Pressure Sensitivity for Coating 3, as tested on ID2 
 
On ID2, through the Speed/Pressure Sensitivity section, the friction level shows a consistent trend to fall 
with increasing pressure through all segments (Figure 6.4). During the first segment (4.1) the values fall 
from 0.42 to 0.32, then similarly from 0.42 to 0.29 in the second segment (4.2). As the speed rises further, 
the friction performance is very consistent, with friction falling from 0.41 to 0.30 through the segments 
4.3-4.5. This indicates good stability with speed. Surface temperature rises to a maximum of 170°C. The 
in-snub coefficient of friction shape is observed to have a rising trend at low pressure, exhibiting a trend 
to flatten at with increasing pressure, and at very high speed and pressure this becomes a falling 
coefficient of friction. 
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The Characteristic (3) friction level is initially around 0.37 and rises steadily to reach a consistent value of 
0.41. The in-snub friction shape is a consistent rising coefficient of friction, with a rise of 0.05, and 
surface temperature rise is likewise consistent to a maximum of 120°C. 
  
Figure 6.5 – Optical Microscopy images a) and b) of the friction surface of Coating 3 after Bedding Friction Performance and 
Speed/Pressure Sensitivity, as tested on ID2 
 
OM shows there is not a wide spread of FTF deposited across the surface (Figure 6.5). There are some 
FTF deposits visible in the regions between Cf bundles, with some spreading across the fibres also. At 
higher magnifications, some regions of the FTF have a similar appearance to that seen on Coating 1 and 
2, appearing to look like part of the coating remaining at the friction surface. These regions can also be 
seen to contain wear debris (identifiable by the different colour particulates within the region). The 
ceramic regions are beginning to appear shiny, along with some of the fibres, indicating that the substrate 
has been smoothed by friction and some abrasive wear has taken place. 
The poor coverage seen under OM conditions is not wholly reflected under SEM (Figure 6.6); there are 
some reasonably sized regions of FTF deposition, and at higher magnifications this appears to be well 
consolidated. There is generally poor coverage on the carbon fibre regions, as has been seen with the 
other tests, but with some of the FTF spreading between the ceramic regions. There are some powdered 
wear debris collecting in the regions where the substrate has been damaged or worn through friction, 
some segments of carbon fibres have been dislodged, and these segments appear to have been captured 
within some of the FTF regions. In figure 6.6 b) the image shows that the regions surrounding where 
these fragments have been captured to be of a darker contrast than that seen throughout the rest of the 
FTF. 
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Figure 6.6 – SEM images a) and b) of the friction surface of Coating 3 after Bedding Friction Performance and Speed/Pressure Sensitivity, 
as tested on ID2 
 
EDX mapping in Figure 6.7 a) shows a region of FTF in between two carbon fibre regions, verified by 
the carbon (36.2 wt%) map. The silicon (6.6 wt%) map shows the region of FTF to be based upon a 
silicon or silicon carbide region. The lighter contrast regions in the FTF, as seen previously, are shown in 
the iron map (15.7 wt%), with a good spread of iron, copper (7.5 wt%), and oxygen (17.2 wt%) 
throughout the FTF regions. The oxygen map also has high intensity corresponding with the aluminium 
(3.3 wt%) and phosphorous (1.3 wt%) maps, indicating that these are potentially regions of Coating 3 
within the FTF, and within the ceramic regions. 
The second map (Figure 6.7 b)) shows a broad overview of the area surrounding the image in Figure 6.6 
b) where some apparent carbon fibre segments have been captured within the FTF. The carbon (47.21 
wt%) map confirms this to be the case. What is interesting about this region of FTF is the contrast within; 
as seen elsewhere, the FTF is predominantly a lighter contrast than carbon or silicon, but darker contrast 
that the iron regions. This FTF is generally composed of many small grey contrast particles; mapping 
shows this to be aluminium (4.4 wt%), oxygen (17.6 wt%) and phosphorous (1.6 wt%) rich regions with 
good overlap between the maps. The silicon (4.3 wt%) map shows this to be a ceramic region below once 
again, and there is likewise a good spread of copper (4.7 wt%) and iron (10.7 wt%) throughout the FTF 
region. 
This mapping shows that the Coating has captured the carbon fibre fragments dislodged during friction 
from another region in the surface. 
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Figure 6.7 – EDX mapping a) and b) of the friction surface of Coating 3 after Bedding Friction Performance and Speed/Pressure Sensitivity, 
as tested on ID2 
 
6.3. Wet Friction Performance and Wet Friction Recovery 
 
The Wet Friction Performance for Coating 3 as tested on ID1 is shown in Figure 6.8. During the pre-wet 
Characteristic value (24), the friction level is too high to be measured on the scales provided in the 
standard formatted output from testing. It can clearly be seen to exhibit a steep rising coefficient of 
friction shape with average values above 0.6. Temperature is very stable, with a negligible rise through 
each snub. The Water Baseline (25) is similarly high around 0.53, with little fluctuation in surface 
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temperature. The in-snub shape is an initially very sharp rise, into a flat before falling coefficient of 
friction. The period of flatness increases with applications. 
 
Figure 6.8 – Wet Friction Performance and Wet Friction Recovery of Coating 3, as tested on ID1 
 
Initial wet friction (27) is typically low, around 0.27 for the first two snubs, and rises quickly within 6 
snubs to its Characteristic level after Bedding of 0.40. The in-snub friction shape is a very steep falling 
coefficient of friction. After 11 snubs the friction level has reached its Water Baseline level of 0.53 with a 
similar in-snub friction shape. From here until snub 15 the friction level is now consistent around 0.55, 
with consistent in-snub friction shapes and consistent rise in surface temperature to a maximum of 110°C. 
It can be seen that this Wet Friction Recovery is vastly improved over the Standard material. 
 
Figure 6.9 – Wet Friction Performance of Coating 3, as tested on ID2 
 
Under Wet Friction conditions on ID2 (Figure 6.9) the friction level has fallen from the dry values as seen 
with the previous tests , initially to a value of 0.17 and falling further through the first segment to 0.14. 
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The in-snub shape has a slight rising coefficient of friction trend to begin with, but this can be observed to 
flatten through subsequent snubs. Through the second segment the level has fallen to a consistent 0.10, 
and the in-snub shape is flat. 
  
Figure 6.10 – Optical Microscopy images a) and b) of the friction surface of Coating 3 after initial Wet Friction, as tested on ID2 
 
OM images in Figure 6.10 shows much of the FTF which had formed under dry friction has been 
removed during the wet friction sections. Some regions do remain, however, with some different colours 
throughout indicating these could be debris from the pad such as copper deposits. These tend to be in the 
ceramic regions, especially those which are closely spaced and with lots of peaks. Some other regions of 
deposits do remain, and have a similar appearance to the coating prior to friction, again with some of the 
friction material deposits within. 
  
Figure 6.11 – SEM images  a) and b)of the friction surface of Coating 3 after initial Wet Friction, as tested on ID2 
 
Under SEM conditions (Figure 6.11) it can be observed that there are some regions of apparent FTF 
remaining, but at higher magnification, these appear to be predominantly silicon or silicon carbide regions 
with a little of the transferred materials remaining packed within, and corroborates what has been 
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observed under OM conditions.  There is a spread of loose powdery deposits visible across the surface, 
and much of the carbon or carbon fibre regions are uncovered indicating a lack of FTF formation in these 
regions. 
 
 
Figure 6.12 – EDX mapping a) and b) of the friction surface of Coating 3 after initial Wet Friction, as tested on ID2 
 
The first EDX mapping (Figure 6.12 a)) is taken from a ceramic region, with maps for carbon (30.9 wt%) 
and silicon (5.2 wt%) showing some overlap to confirm this. The region to the left edge of the image is 
potentially a carbon fibre region owing to the shape of the carbon maps. The main FTF region in the 
centre right of the image consists heavily of aluminium (5.5 wt%), oxygen (27.3 wt%) and phosphorous 
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(5.79 wt%) indicating that this is a region of coating deposited within a ceramic region. The FTF also 
contains iron (11.5 wt%) and copper (4.6 wt%) spread throughout. 
The second EDX map (Figure 6.12 b.) is taken from a carbon fibre region, with the maps for carbon (54.2 
wt%) and silicon showing that this is carbon fibre at the top and bottom edges of the image with a silicon 
or silicon carbide region in the centre. The maps for iron (4.9 wt%) and copper (2.0 wt%) show these 
elements are deposited in the gaps around the silicon peaks and in the regions where the carbon fibres 
have been damaged, where the FTF can be seen in the image. The map for phosphorous (3.3 wt%) shows 
that this is spread well across the region, with intensity corresponding to the aluminium (1.5 wt%) and 
oxygen (18.0 wt%) maps; in particular the aluminium map shows that this is deposited in between the 
silicon rich peaks where the FTF is formed. This indicates that this is potentially some of the original 
coating, which has deposited in between the ceramic peaks, and that FTF materials have deposited within 
this area also. 
 
Figure 6.13 – Post-Wet Friction Recovery of Coating 3, as tested on ID2 
 
Through the Post-Wet Friction Recovery section (Figure 6.13) initial friction is around 0.22, rising 
steadily to reach a value of 0.28 after four snubs, which is improved over the Standard material. The in-
snub shape is not consistent, varying between flat and falling coefficient of friction. Temperature can be 
seen to rise quickly to a maximum of 150°C. 
Through segments 4.2-4.3 the general friction level can be seen to rise with increasing speeds. Initially 
the friction level is 0.32 falling slightly with increasing pressure to 0.28, with a flat in-snub friction shape. 
Segment 4.3 is similar to the pre-wet segment 4.3, although this drops to a lower final value of 0.27 rather 
than settling around 0.31 as previously, and the in-snub shape shows similar trend. Segment 4.4 shows a 
similar trend also, although begins at a higher initial value of 0.44, falling to and appearing to settle 
around 0.31, with similar in-snub coefficient of friction trends also. In segment 4.5, friction appears to 
have fallen slightly, beginning at 0.40 and falling to 0.30 at the end. The friction performance throughout 
is a slight improvement to that seen on the Standard material, with a quicker rise in friction, and slight 
increase in friction overall. Surface temperature throughout displays a trend of rising, further than prior to 
wet-friction, to regular values of 140°C and maximum values around 190°C. 
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The Characteristic (3) friction performance is similar to that seen on the Standard material, with a starting 
friction of 0.40 falling through the section to finish on 0.30.The in-snub shape is initially fairly noisy, but 
soon settles into a consistent falling coefficient of friction shape. Surface temperature varies wildly, and 
can be seen to fluctuate between final values of 110-200°C. 
  
  
Figure 6.14 – Optical Microscopy images a), b), c) and d) of the friction surface of Coating 3 after the Post-Wet Friction Recovery section, 
as tested on ID2 
 
OM images shown in Figure 6.14 shows a good spread of FTF across some of the surface. There are 
some large regions covered in FTF, which appears to be well consolidated in places. The FTF appears to 
have formed in the ceramic regions predominantly, with the carbon fibres visible. Some of the fibres 
show smoothing and damage from friction, others appear untouched, but both types exhibit little FTF 
formation. At higher magnification the FTF appears porous and uneven. 
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Figure 6.15 – SEM image of the friction surface of Coating 3 after post-wet friction recovery, as tested on ID2 
 
Under SEM conditions (Figure 6.15), the localised deposition of the FTF on the ceramic regions 
predominantly over the carbon fibre regions becomes more pronounced, with visible carbon fibre bundles 
and FTF deposits in the regions between. At higher magnifications, the FTF appears to be well 
consolidated and exhibits some signs of smearing, and in some areas can be seen to be partially covering 
some carbon fibres, indicating that the FTF is spreading on top of these regions. This can be seen on a 
larger scale as the bridging between ceramic regions. 
 
 
Figure 6.16 – EDX mapping a) and b) of the friction surface of Coating 3 after the Post-Wet Friction Recovery, as tested on ID2 
Page | 165  
 
The EDX mapping shown in Figure 6.16 a) is a higher magnification view of the top left corner of Figure 
6.15 a). The map shows that the dark grey regions are carbon fibres with some silicon (3.1 wt%) visible at 
the edges of the carbon (55.7 wt%) regions. Where we can observe regions of well deposited FTF, such as 
in between the carbon fibre bundles, there is a good correlation between the aluminium (4.2 wt%) and 
phosphorous (1.3 wt%) maps, along with oxygen (16.2 wt%). These also correlate well with the location 
of common FTF elements such as iron (7.0 wt%) and copper (4.2 wt%). In the image it can be seen that a 
triangular section of the FTF has become dislodged; mapping in this area shows an increased intensity for 
aluminium, phosphorous ad oxygen compared with other FTF regions. This would indicate, given the 
higher intensity of the FTF elements in the non-dislodged region, that there is a layer of potential coating 
below the FTF which has now become exposed to friction with the removal of the large segment of FTF. 
As such the FTF appears to be deposited on top of this region of coating. 
The second map (Figure 6.16 b)) shows another region of FTF, in this case a fairly smooth and even 
layer. Running through the middle of the image top to bottom is a region of grey contrast particles within 
the FTF similar to that seen after Bedding in Figure 6.6 b), and along the left hand side of Figure 6.15 b). 
The EDX maps highlight this as being rich in aluminium (14.1 wt%) and oxygen (25.9 wt%), with a good 
correlation with the phosphorous (2.0 wt%) map also. It would therefore be reasonable to draw the 
conclusion that these are alumina particles, and that this is a region of the coating around which FTF, 
consisting of iron (16.0 wt%) and copper (12.0 wt%) amongst others, has formed. The intensity of the 
silicon (10.3 wt%) and carbon (9.1 wt%) maps in the left hand edge and top left corner respectively 
indicate that this could be a silicon or silicon carbide region, which the coating has deposited into and 
around, with the coating filling a void remaining potentially from manufacture, and acting as a depositing 
region for the FTF. 
 
Figure 6.17 – Repeat Wet Friction Performance of Coating 3, as tested on ID2 
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In the Repeat Wet Friction section (Figure 6.17) the initial friction level in Wet Characteristic 1 has fallen 
over dry friction again and is very consistent around 0.19, with a consistent slightly rising coefficient of 
friction. Through Wet Characteristic 2 the friction level is similarly consistent in both level (at a slightly 
lower value of 0.18) and snub shape. 
  
Figure 6.18 – Optical Microscopy images of the friction surface of Coating 3 after the Repeat Wet Friction section, as tested on ID2 
 
The OM images in Figure 6.18 show some large regions of apparent FTF at the friction surface, but much 
of the reflective shiny appearance has gone. Some of the ceramic regions appear to be exposed with little 
deposition surrounding them, indicating that this has been removed under wet friction conditions. The 
carbon fibre bundles are not easily visible, but their presence is apparent by their distinctive pattern. At 
higher magnification the FTF appears similar to some regions identified in other OM images, and are 
potentially regions of the coating. 
 
  
Figure 6.19 – SEM images a) and b) of the friction surface of Coating 3 sample after the Repeat Wet Friction section, as tested on ID2 
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Under SEM conditions as seen in Figure 6.19 much of the surface is covered in loose powdery wear 
debris, particularly the carbon fibre regions. The regions of potential FTF visible in the images are seen to 
be well consolidated in some regions particularly around the ceramic peaks, but at higher magnifications 
within the carbon regions they appear fragmented. Looking at the carbon fibres in particular, the bundled 
regions which typically show a smoothed surface from friction are very roughened here, with many of the 
fibres still exhibiting their cylindrical appearance. This, combined with the appearance of damage and 
pull-out from the fibre bundles would suggest that these fibres were previously covered but under wet 
friction the covering layer of either prior substrate material, or FTF has been dislodged and removed. 
 
Figure 6.20 – EDS mapping of friction surface after repeat wet friction on coating 3 
 
The region shown in the EDX mapping (Figure 6.20) is a carbon fibre region through the centre with 
potential FTF to either side. The maps for carbon (19.7 wt%) and silicon (11.1 wt%) confirm this by 
showing carbon fibres, and furthermore the overlap with silicon or silicon carbide regions. The iron (14.9 
wt%) map shows highest intensity in the regions of presumed FTF to either side. Looking at the maps for 
aluminium (2.4 wt%), oxygen (24.8 wt%), and phosphorous (2.2 wt%) these overlap well with each 
other, and with the two regions of FTF, indicating that these may be potential regions of coating, 
combined with the FTF deposits. 
 
6.4. High Temperature Performance 
 
In the High Temperature Fade testing (Figure 6.21) the initial friction value is around 0.45, rising slowly 
to 0.48 in snub 5 at a temperature of 350°C. At snub 8, surface temperature 450°C, friction begins to fall 
steadily, finishing around 0.36 in snub 15, with a surface temperature of 550°C. The in-snub coefficient 
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of friction shape for each snub shows large fluctuation throughout, with the lowest fluctuations at the 
temperature extremities of ambient and 550°C. 
 
Figure 6.21 – High Temperature Fade of Coating 3, as tested on ID1 
 
Through the Characteristic (12) segment the friction value begins around 0.40 and rises quickly to 0.47, 
then rises further to steadily finish around a value of 0.50. Each snub has a rising coefficient of friction 
shape with increasing rise through subsequent snubs, whilst temperature rise is consistent to a maximum 
of 120°C. 
 
Figure 6.22 – Repeat High Temperature Fade of Coating 3, as tested on ID1 
 
Through the Repeat High Temperature Fade segment (16) shown in Figure 6.22, friction is initially at a 
value of 0.52 and falls consistently throughout finishing at a value of 0.37. There is a period of apparent 
stability where the coefficient of friction is equal to 0.45 from snubs 6-10, where surface temperature is in 
the range 400-500°C. The temperature rise through each snub is sharper in this segment, and throughout 
the friction fluctuation is high within each snub. 
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The Characteristic (17) segment shows a similar trend to the first High Temperature Fade characteristic, 
with a lower initial value rising quickly and then appearing very stable throughout. In this situation, the 
friction level is 0.42 rising to 0.51. Again, the in-snub shape increases in rise through subsequent snubs. 
The temperature fluctuation is consistent to 120°C. 
 
Figure 6.23 – High Temperature Fade of Coating 3, as tested on ID2 
 
When tested on ID2 (Figure 6.23) the first Characteristic (8) friction can be seen to rise from 0.30 to 0.39 
through the section, with the in-snub shape switching from a small rising coefficient of friction, to a 
steeper rising shape similar to that seen during Bedding characteristic. Surface temperature is very 
consistent rising to a maximum of 110°C. 
Through the High Temperature Fade (9) segment friction rises steadily from 0.37 to 0.41 through the 
initial five snubs (surface temperature has reached 300°C), then rises faster to a value of 0.49 through the 
next four snubs. At this point the surface temperature has reached 350-380°C. The friction level falls 
away for the final five snubs consistently to a final value of 0.40. Surface temperature never exceeds 
500°C. 
The second Characteristic (8) shows a similar trend to before, rising consistently through the section from 
0.35 to 0.41. The in-snub shape is switches from flat to rising coefficient of friction more rapidly and is 
seen to be consistent from snub 12 onwards in this section. 
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Figure 6.24 – Repeat High Temperature Fade of Coating 3, as tested on ID2 
 
In the Repeat High Temperature Fade section (Figure 6.24) the initial friction level in the Characteristic 
(8) segment has clearly risen, starting at a value of 0.41, rising to a value of 0.49 by snub 9, and then 
settling around 0.47. The in-snub friction shape again begins flat, switching to a rising coefficient of 
friction, this happens at the same snub when average friction becomes consistent. The surface temperature 
rises slightly more initially to 130°C, and then to a lower value in the snubs where friction has settled, 
with maximum temperature reaching 120°C. 
Through the Repeat High Temperature Fade segment (9) friction is initially very high at 0.5 and rises 
slowly throughout to finish around 0.59. There can be observed an increase in the rate of coefficient of 
friction rise around snub 6, where surface temperature has reached 300°C. This then settles around 0.59 in 
snub 11 when the temperature reaches 400°C. 
The second Characteristic (8) initiates at the same level of 0.40, and then jumps to 0.46, where it appears 
to settle to around snub 12, where it drops slightly to a consistent 0.44. The same trend in the pre-
characteristic for the in-snub coefficient of friction is observed here. The surface temperature maximises 
around 120°C. 
The improved consistent friction performance in the Repeat High Temperature Fade and the consistent 
performance in the pre- and post- Characteristics indicate that the High Temperature Fade performance is 
stabilising. 
Under OM conditions (Figure 6.25) there can be seen lots of FTF covering the friction surface. Some 
carbon fibres and their bundles can be observed, which indicates that FTF formation is not initiated in 
these regions. The ceramic peaks are on the whole not visible although some can be observed at higher 
magnifications; this shows that the FTF predominantly deposits in these regions. There is also evidence 
that FTF is spreading across the carbon fibre regions and connecting with neighbouring FTF deposits in 
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the ceramic regions. The carbon fibre regions are generally dark and difficult to view properly. The FTF 
itself appears to be well consolidated, and exhibits signs of smearing. 
  
Figure 6.25 – Optical Microscopy images a) and b) of the friction surface of Coating 3 after High Temperature Performance, as tested on 
ID2 
 
  
Figure 6.26 – SEM images a) and b) of the friction surface of Coating 3 after High Temperature Performance, as tested on ID2 
 
Under SEM conditions (Figure 6.26) the friction surface is clearly covered in a large amount of FTF. As 
seen under OM, the carbon fibre bundles are still visible indicating that this is not a suitable location for 
deposition. At higher magnifications the FTF appears to have a very consistent contrast and smooth 
surface finish, and from the darker particles showing this could be deposited on a ceramic region. There is 
some evidence of scaling across the FTF surface. 
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Figure 6.27 – EDX mapping of the friction surface of Coating 3 after High Temperature Performance, as tested on ID2 
 
In the region shown for EDX mapping (Figure 6.27), the left hand side and far right hand edge show dark 
grey contrast particles and regions, indicating these are carbon fibre and silicon or silicon carbide regions. 
The maps for carbon (21.1 wt%) and silicon (14.1 wt%) verify this. The map for iron (15.9 wt%) shows 
that this is well spread throughout the FTF region along with other FTF elements such as copper, and 
correlates well with the oxygen (20.2 wt%) map. The aluminium (2.2 wt%) and phosphorous (0.6 wt%) 
maps correspond with each other, and with a small overlap with oxygen also, along with showing a 
general spread throughout the FTF indicating that there is some portion of coating within or below the 
FTF. 
 
6.5. High Speed Performance 
 
 
Figure 6.28 – High Speed Performance of Coating 3, as tested on ID2 
 
Through the High Speed Performance section of testing (Figure 6.28), friction is initially low at 0.29, as 
could be expected after the Repeat Wet Friction section discussed earlier. This friction level rises quickly 
to 0.43 by snub 5. From here it falls steadily to a 0.35 in snub 11 where it remains consistent to the end of 
the segment. The in-snub shape changes from a rising, to a flat, to falling coefficient of friction with little 
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variation throughout. This trend changes towards the end of the section where the in-snub shape can be 
seen to vary increasingly, with a steeper rising coefficient of friction. The Characteristic (3) friction is 
high at 0.45 rising quickly to 0.52, and then rising further to finish at 0.58. In-snub coefficient of friction 
has a consistent rising shape. 
Through the Repeat High Speed Fade segment the friction level is initially higher at 0.43, falling slightly 
to 0.41, before rising to 0.48 in snub 4. This then falls through to snub 8 at a level around 0.35 where it 
remains consistent through to the end of the segment. The in-snub coefficient of friction varies more 
aggressively than in the first High Speed Fade section, and can be seen to switch from a steep rising, to a 
flat, and then to an increasingly rising coefficient of friction shape (replicating that seen in the first High 
Speed Fade segment). The Characteristic friction is higher at 0.50, rising to 0.55, and settling around 
0.53. The in-snub shape is rising, with a falling sharpness. The surface temperature rises to a maximum of 
150°C. 
  
Figure 6.29 – Optical Microscopy images a) and b) of the friction surface of Coating 3 after High Speed Performance, as tested on ID2 
 
The friction surface as seen in Figure 6.29 after the High Speed Performance section is almost entirely 
covered in FTF, as seen on the other tests. The appearance is similar to that seen at this stage on the other 
test also, with a smeared surface and some larger holes or voids in the layer. In general it is difficult to 
distinguish the different regions of the substrate. 
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Figure 6.30 – SEM images a) and b) of the friction surface of Coating 3 after High Speed Performance, as tested on ID2 
 
SEM images of the friction surface after High Speed Performance (Figure 6.30) shows lots of FTF 
coverage as seen on the OM images; there are some large segments of FTF which have broken off in 
fragments leaving large holes or voids behind in the layer. Below these holes some carbon fibres can be 
seen, indicating that these are not suitable regions for longer term deposition. At higher magnification the 
general smeared nature of the surface can be seen, along with some cracks forming in the FTF. This may 
lead to more of the FTF becoming dislodged with continued friction. 
 
Figure 6.31 – EDX mapping of the friction surface of Coating 3 after High Speed Performance, as tested on ID2 
 
The EDX mapping in Figure 6.31, shows that the cracks and segments which have been removed or 
dislodged from the FTF have exposed a silicon (7.8 wt%) and carbon (18.8 wt%) rich region below, 
although this is not identifiable by appearance. There are lots of crumbled powdery deposits in these 
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regions. The main FTF is rich in oxygen (18.6 wt%) and iron (12.7 wt%), but of particular interest here is 
the high proportion of zinc (27.2 wt%) indicated. This is similar to that seen after this testing section on 
the Standard material also. As before, there is some indication of aluminium (0.9 wt%) and phosphorous 
(0.3 wt%) being picked up, particularly where the FTF is formed, but in very low intensity and low 
quantities. 
 
6.6. Simulating Railway Friction 
 
The Rail Friction Check (21) in Figure 6.32 is very stable at 0.50, with consistent in-snub shapes, and 
temperature rise to 160°C in each snub. The low pressure Rail Simulation (22.1) shows good initial 
stability around 0.52, rising as temperature reaches 400°C, peaking at a value of 0.7 when surface 
temperature is around 450 – the maximum value reached in this section. As temperature falls so does the 
friction level, appearing to stabilise around 0.50 again once the temperature reaches 400°C on the cool-
down. Stop duration is 280 seconds. 
 
Figure 6.32 – Rail Simulation for Coating 3, as tested on ID1 
 
The medium pressure simulation (22.2) shows an initial stable friction level of 0.47, rising quickly once 
the surface temperature reaches 400°C. This rise in friction continues to 0.85 at a peak surface 
temperature of 610°C. As the temperature falls so does the friction level, and soon after the test finishes. 
The test duration is 150 seconds. 
The high pressure simulation (22.3) shows an initial rapid rise in the coefficient of friction to an otherwise 
stable friction level at 0.45. This remains stable until a slight rise to 0.5 is observed once the temperature 
reaches 650°C. The surface temperature continues to rise quickly to 700°C, where the test automatically 
cuts out. The test duration is 75 seconds. 
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6.7. Characterisation of the Friction Surface of Coating 3 After Complete Friction 
Testing, As Tested On ID1 
 
Under OM images conditions (Figure 6.33) the friction surface can be seen to be covered by a layer of 
FTF, but in patches. As seen elsewhere, the patches formed are in the similar patterns seen elsewhere 
showing this is likely to be deposited on the ceramic regions between the carbon fibre bundles. There are 
some regions of very large FTF, and throughout these the shiny peaks of the ceramic region below can be 
identified. At higher magnification, the FTF appears to be well consolidated in some areas, and patchy 
and porous in others. 
  
Figure 6.33 – Optical Microscopy images a) and b) of the friction surface of Coating 3 after complete friction testing, as tested on ID1 
 
  
Figure 6.34 – SEM images a) and b) of the friction surface of Coating 3 after complete friction testing, as tested on ID1 
 
SEM images in Figure 6.34 shows much the same as observed under OM conditions. The FTF is more 
distinguishable and can be more easily identified as depositing amongst the ceramic regions. The regions 
in between are generally covered in powdery and loose wear debris. Some regions of FTF appear to have 
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been dislodged with a shelf-like or step between the FTF and the powdery region remaining. There are no 
clear signs that the coating is still existent at this stage. 
The EDX mapping in Figure 6.35 is taken from a region with stable FTF and dislodged FTF. The carbon 
mapping shows few distinct regions, but with some intensity in the dislodged region, indicating that this 
may be a carbon (11.0 wt%) region below. The silicon (7.0 wt%) map shows distinct regions along the 
right hand side and top left corner, which correlates with the darker grey particles seen in the image. The 
mapping for the iron (21.3 wt%) region shows that there is a good spread of iron throughout the map, and 
particularly where the FTF is deposited, and oxygen (22.1 wt%) overlaps with this well. The aluminium 
(4.1 wt%) and phosphorous (0.9 wt%) maps overlap well where the FTF is stable, and indicate that this 
could be a region of coating. This would suggest that this deposited coating forms a sort of backbone to 
the FTF. This shows that where there are only FTF based deposits, the FTF is unstable; whereas where 
the Coating is deposited has more stability to resist friction. 
 
Figure 6.35 – EDS mapping of the friction surface after complete friction testing on coating 3, as tested on ID1 
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7. Below the Friction Surface: Characterisation 
 
As can be seen in the previous chapters, there is strong evidence that the coatings are present in some 
regions of the substrate after all stages of friction testing. What has not been determined is what the 
interaction is, if any, between the coatings, the substrate, and any formed or forming FTF. To investigate 
this it is necessary to see below the friction surface. In order to do this, a Focused Ion Beam Scanning 
Electron Microscope has been utilised. Using the ion beam to selectively mill a trench into the surface, to 
a depth of approximately 10-12 µm, on either sides of a selected area, a thin slice of the friction surface 
can be produced and separated, suitable for analysis on TEM. 
The focus of this chapter is to identify the key regions below the friction surface at stages directly after 
bedding and after the completed tests, using samples from both dynamometers, to identify the key 
features. The steps involved in this Ion Milling process are outlined first, including precautions taken to 
ensure sample quality, followed by a discussion of the findings by images and EDX characterisation on 
the TEM. It is worth noting that in all subsequent EDX analysis there is a constant presence of copper. 
The samples were mounted on copper grids and so this can be presumed to be the predominant cause, 
although in regions of friction transferred wear debris, copper will likely be present also (as identified 
from the EDX mapping). 
 
7.1. Ion Milling – Preparing a TEM Lift-Out 
  
This has been carried out on a FIB (FEI Nova Nanolab 600 Dual Beam); the first stage of the process is to 
select an appropriate area from which to take the lift-out. Throughout the description of the procedure 
images are taken from the extraction of a TEM lift-out prepared from a post-Bedding sample of a Coating 
1 disc, as tested on ID2. As can be seen in the SEM image in Figure 7.1 a), this has been taken from what 
appears to be a cross-section through a carbon fibre - carbon region (right hand side) intersecting with an 
area of FTF (left hand side). 
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Figure 7.1 – SEM images showing a) the region from which this cross-section for TEM characterisation was taken, b) the arrow highlighting 
the region with deposited platinum layer, c) the trenches either side of the slice revealing the structure below, d) the final thinned slice 
mounted onto a copper TEM grid 
 
Under SEM images conditions, a selected area is chosen, and in the situations where the uppermost 50 
nm of the surface is required, a thin protective platinum layer is deposited. This was done for each sample 
discussed as part of this research. An additional thicker layer of platinum is then deposited on top of this 
for which to attach the lift-out needle later, and to act as a marker to identify the chosen lift-out point 
under the differing images conditions (Figure 7.1 b)). 
Using the gallium ion beam, a trench is cut on either side of the strip to around 10-12 µm in depth at a 
distance of 3-5 µm from the strip. These trenches are then extended gradually closer to the strip until a 
clean cross-section can be identified under the strip of Pt (Figure7.1 c)). 
After tilting the sample so that it can be viewed side-on, a three-sided u-shape is drawn and positioned. 
This is used to cut through the majority of the strip sides. A needle is brought in and attached through 
platinum-deposition, before the final side is cut, releasing the cross-section slice from the bulk sample. 
The needle is retracted, and the cross-section sample is transferred to a TEM grid, where it is mounted 
using platinum-deposition. 
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Once mounted, the sample is then gradually thinned and cleaned using further ion milling to slowly and 
carefully remove the surface edges of the cross-sections. This is continued until the sample is 
approximately 200 nm thick, and as such is suitable for TEM characterisation (Figure 7.1 d)). As can be 
observed, some of the sample is lost during this thinning process and shows as holes or cracks. Much of 
the upper platinum layer has been lost also, and at the bottom of the sample the milled particles can be 
seen collected as a thick layer of debris. 
 
7.2. Cross-Section Sample A – Coating 1, After Bedding friction on ID2 
 
The sample analysed here first is also the sample discussed in the procedure for producing a TEM Lift-
out. The sample is a cross section removed from the post-Bedding friction surface of the Coating 1 disc as 
tested on ID2. 
 
Figure 7.2 – TEM image of cross-section Sample A, taken from the friction surface after Bedding of Coating 1 disc, as tested on ID2. 
Regions A to D, the carbon fibre, the friction surfac, the platinum layer deposited on top the friction surface, and sputtered debris from the 
thinning process are all marked for identification 
 
Owing to the orientation of the sample as loaded into the TEM, the friction surface is located at the 
bottom of Figure 7.2 (marked with an arrow), between region A and the Platinum deposits. The top of the 
image (near C) is the lowest point in the friction surface of this sample. 
On the right hand side in the image we can see the slice through a carbon fibre, as identified from the 
SEM images showing the original location of the sample, and a large region (approximately 5 µm thick) 
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of surrounding pyrolytic carbon. The black regions around the outside of the image are the sputtered 
materials, the platinum deposits, and the sections of the slice which were not milled thin enough for TEM. 
The remainder of the sample can be seen to consist of many grains of varying sizes of several microns 
and smaller. For the purposes of closer examination this sample has been sub-divided into regions A, B, 
C, and D as labelled in Figure 7.2.  
Region A can be viewed at higher magnification in Figure 7.3. The image shows us a region of pyrolytic 
carbon in the top right hand corner. At the very bottom of the image there is a very thin layer, 
approximately 100 nm thick, sitting below a second layer of sub-micron and nano-sized particles very 
tightly packed together, with a small layer between this and the pyrolytic carbon region. To the left of the 
image above the second layer a larger particle can be identified from EDX analysis to be rich in 
aluminium and oxygen. 
  
  
Figure 7.3 – TEM image of Region A, and EDX spectra from points 1, 2, and 3 
 
The EDX spectrum at point 2 shows the thin uppermost layer to consist of oxygen, magnesium, copper, 
zinc and phosphorous. The EDX spectrum in point 3 contains a wide range of elements including oxygen, 
magnesium, silicon, iron, copper, zinc, aluminium and phosphorous. Many of these elements are 
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commonly used in compounds within pad materials, and so this region of sub-micron sized particles can 
safely be assumed to be the friction transferred wear debris (FTF). Of note is the presence of both 
aluminium and phosphorous in the layer at 3, and phosphorous in the outermost layer at 2. 
Looking more closely at the pyrolysed region, adjacent to the large particle can be seen some cracks 
which have formed together to leave two joined segments of pyrolysed which are all but separate from the 
remaining pyrolysed. A thin layer surrounding these segments is visible. 
In Region B (Figure 7.4) along the left hand side of the image there are a large number of particles 
ranging from nano-sized to predominantly sub-micron sized, with several larger ones nearer to the friction 
surface approximately 1-2 µm in size. The grains are surrounded by a separate phase or material, which is 
observed to have a bubbled or porous appearance. The image shows the layer of FTF identified in the 
previous figure to be thinning out towards the left hand edge of the frame where it comes alongside two 
of the larger particles. One of these has previously been identified as being rich in aluminium and oxygen 
from EDX spectra. The figure shows further EDX spectra for two of the other large particles here (1 and 
2), both of these spectra detect these particles as being similarly rich in aluminium and oxygen. Particle 2 
also shows small detections for phosphorous and silicon. 
  
  
Figure 7.4 – TEM Image of Region B, and EDX spectra from points 1, 2 and 3 
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An EDX spectrum taken at point 3 is of the interphase observed to surround the particles, and detects 
oxygen, aluminium and phosphorous as being the main constituents, along with some carbon and a trace 
amount of iron. This indicates that the large particles are possibly grains of alumina, and the interphase 
surrounding them is potentially the phosphate binder phase indicating to within reasonable doubt that this 
sub-layer alongside the pyrolysed and below the friction transferred wear debris is part of the original 
coating. The spectrum at 3 also detects that some of the FTF elements are also present, indicating that 
there is perhaps an overlap between the two layers. 
  
  
  
Figure 7.5 – a) TEM image of Region C and b) TEM image of Point 2 within this region, with EDX spectra from points 1, 2, 3, and 4 
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Examining below the friction surface in Figure 7.5 a) there are a wide range of particles of varying sizes 
<2 µm. At the bottom of the sample (top left corner of image) there is a large grain meeting the pyrolytic 
carbon region (1). The EDX spectrum detects this to be rich in silicon and carbon, and thus given its 
position at the friction surface it would be reasonable to assume this is silicon carbide. EDX spectra from 
2 detects that the other particles throughout are rich in aluminium and oxygen suggesting they are 
possibly also alumina grains as identified above. The EDX spectrum 3 shows the suspected pyrolytic 
carbon region surrounding the carbon fibre, to be rich in carbon, giving significant weight to this 
argument. 
Throughout the region of alumina particles from the FTF to the silicon carbide particle at the bottom there 
is an interphase present and visible which surrounds all of the alumina particles, as seen in Region B. 
EDX spectra at point 4 identifies this to be likewise rich in aluminium, phosphorous and oxygen. 
As we travel further again into the layer below the friction transferred wear debris, now identified to 
probably be the original coating, the grains present can be seen to become of more consistent sub-micron 
sizing, and with a thicker more easily identifiable region of binder phase present. The coating consists of 
well-spaced grains of alumina all held at similar distance from one-another by the binder phase. This 
visibly indicates that the coating is well consolidated. 
Considering the particles nearest to the silicon carbide a ‘smooth’ grey region has formed to surround 
each of the particles in the image. This phase can be seen to include what appear to be many bubbles, 
pockets or small pores of less than 0.1 µm in size. 
In following these pores through the image we can identify regions where some of the bubbles exist on 
top of a grain, but then not on another part of that same grain. This depicts that during the thinning 
process, grains have been sliced exposing their insides, but where the sides of the grains are not at the 
edge of the sample the binding phase sits on top of this. Looking to the left hand side of the image, the 
grain on the very left can be seen to be sitting on top of the central most grain. This helps to draw a 
reasonable conclusion that not only has the binding phase has successfully bound to and coated each of 
the grains, but that all the grains are well distributed and interconnected. 
Examining the pyrolysed carbon region more closely (Figure 7.6), and the interface between it and the 
coating, it was identified that there are several micro-cracks formed throughout the pyrolysed carbon 
(Figure 7.6 a)), predominantly spreading radially around the carbon fibre. Towards the outer edges of the 
pyrolysed carbon, it can be seen clearly that the micro-cracks are larger in size and have become 
interconnected in places. As also observed earlier towards the top of the friction surface, these connected 
cracks in the pyrolysed carbon have extended and separated the pyrolysed carbon into fragments. 
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Figure 7.6 – A series of TEM images from Region D (the interface between pyrolysed and coating) a) showing micro-cracks observed in 
pyrolysed,  b) the binder phase and pyrolysed region, c)  pyrolysed cracks and binder, d) interconnecting pyrolysed cracks with binder, and 
EDX spectra 1, 2, and 3 
 
Figure 7.6 b) shows the interface between the pyrolysed carbon region and the coating region; there is 
some material connecting the two regions with a glue-like appearance and EDX spectrum (1) shows to 
consist of aluminium, phosphorous, and oxygen. This also has the same appearance as that of the phase 
surrounding the alumina particles, indicating that this is some of the binder phase from the coating. The 
binder phase of the coating can be seen to be bonded, almost in a glue-like fashion, to the edge of the 
pyrolysed carbon region of the substrate. The binder phase can also be seen to be directly connected to 
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that which connects the channels surrounding the broken pyrolysed carbon. There are several large pores 
in the coating here. It is possible that the binder phase of the coating originally filled the gap with some 
limited porosity as can be seen throughout the coating, but with the breaking up of the pyrolysed carbon, 
this binder is potentially softening at elevated temperatures and feeding into the new channels and thus 
opening a gap within the coating – this is observable by the ‘necked’ connection between the coating and 
the region of damaged pyrolysed carbon. 
Figure 7.6 c) shows a region in the pyrolysed carbon near to the silicon carbide particle which has 
multiple cracks, filled with this binder material (2). The cracks seen are extensive enough that a large 
segment of pyrolysed carbon (3) has broken off from the main body. In figure 7.6 d), there are many 
micro-cracks formed nearer to friction surface of the sample with many of them interconnecting and 
several fragments appearing to have also been disconnected from the bulk pyrolysed carbon. These cracks 
are all filled with the same binder material. 
This evidence is interesting as it would seem to suggest that throughout friction the pyrolysed carbon (the 
role of which is to protect the carbon fibre from damage) is slowly being damaged through 
interconnecting micro-crack formation and fragmentation. What the images and EDX spectra confirm is 
that the binder phase from the coating has infiltrated into these cracks to encapsulate the fragments and 
thus retain the fragments within the friction surface. These would have otherwise been likely ejected as 
friction debris in a repeating cycle until none remained to protect the fibre. This encapsulation of the 
fragments could enable the pyrolysed carbon layer to resist fracture for a prolonged period and thus 
protect the friction surface. This protects the carbon fibre reinforcement from damage and thus enforces 
the longer term structural integrity of the substrate material. Any further damage which does occur will be 
minimal, and if continued, any further chunks of pyrolysed carbon broken off can be retained by the 
coating binder phase. 
  
7.3. Cross-Section Sample B – Coating 1, After Bedding friction on ID2 
 
TEM cross-section Sample B was removed from the centre of a large region of FTF as found at the 
surface of the core samples from Coating 1, as tested on ID2, after Bedding (Figure 7.7). 
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Figure 7.7 – TEM image of cross-section sample B, taken from the friction surface after Bedding of Coating 1 disc, as tested on ID2. Regions 
A and B marked for identification 
 
The image overview of the sample shows on the whole two distinct regions; to the top of the sample (the 
friction surface) can be observed a very dark contrast layer (A), below which is a large region of lighter 
contrast (B) consisting of a large number of particles of varying sizes from sub-micron to <3 µm in size. 
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Figure 7.8 – Series of TEM images from Region A on Coating 1, Sample B, a) thicker region, b) thinner region, c) high magnification image 
of region and large particle, and d) high magnification image of region, along with EDX spectra 1 – 6 
 
Figure 7.8 b) shows a region of the FTF to the other end of Sample B with a crack developed from the 
surface penetrating through the FTF into the region below. This indicates that the bonding between the 
FTF and region below is very good, otherwise it would be expected that the crack may deflect along the 
boundary layer (following the path of least resistance). EDX spectrum 4 again shows this FTF to be very 
iron rich with lots of other elements present including aluminium and phosphorous, which show a greater 
intensity than other spectra in this FTF. The region directly between the FTF and region below at higher 
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magnifications can be seen to consist of a collection of varying nano-sized particles all surrounded by a 
glassy phase. Spectrum 5 taken of this region shows it to be rich in aluminium, oxygen, and phosphorous, 
with some iron, and spectrum 6 taken a little further into this region is shown to be rich in aluminium, 
phosphorous, and oxygen also, but with no iron present. This indicates that the layer below may consist of 
the binder phase from the coating, with some evidence of alumina particles near the surface, and that this 
binder region is partially interspersed with iron-nano particles on which the FTF itself sits. 
Higher magnification images (Figures 7.8 c) and d)) of the FTF shows that not only are the particles of 
varying small sizes from 0.1 µm – 0.5 µm, but in between these is a glassy phase consisting of many 
nano-particles. 
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Figure 7.9 – Series of TEM images of Region B from Coating 1, Sample B. a) area at edge of sample, b) area around large grain, c) area 
with many sub-micron particles, d) area with many sub-micron particles, and EDX spectra at points 1 – 4 
 
Considering Region B, the images in Figure 7.9 show that this region is made up of a collection of larger 
particles of varying sizes, all generally surrounded by a smooth grey glassy phase. There are some 
infrequent but large holes in the glassy phase, with smooth edges indicating these are more likely to have 
existed as channels or pores, as opposed to have formed as cracks or from fracture. EDX spectra detects 
that the particles are rich in aluminium and oxygen, and that the phase surrounding them is rich in 
aluminium, phosphorous, and oxygen. Combining this together, it would be very reasonable to assume 
that Region B, below the FTF layer, is part of the original coating. Comparing the elements present in 
spectra 1 and 2, it is clear that there is a great presence of other elements within the binder phase at 1, and 
no extra elements in the binder phase at 2. Point 1 is very near to the friction surface, and the FTF, but is 
not part of the FTF. This would indicate that there is an intermediary layer between Regions A and B; 
Region C. 
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Figure 7.10 – TEM image from “Region C”, the identified intermediary layer, with EDX spectra from points 1, 2, and 3 
 
Figure 7.10 shows a region of this intermediary layer between the FTF and coating below with three 
points selected, point 1 is just below the FTF, point 2 is a dark particle found amongst the intermediary 
layer, and point 3 is below the FTF and into the coating region. What can be seen from the image is an 
apparent distinct line between the two regions. The EDX spectra, however, show that point 1 consists of 
high intensities of aluminium, oxygen and phosphorous, along with many elements more typically found 
in the FTF such as iron, zinc and magnesium. This same observation can be made at point 3 found below 
one of the large alumina grains, where there is a high intensity of aluminium, oxygen, and phosphorous, 
along with those same typical FTF elements. This would indicate that there is a definite overlap between 
the two layers, and indicates that the FTF particles are being captured by the binder region of the coating. 
The successful FTF above this indicates that this initial deposition has enabled further deposition and the 
subsequent formation of an FTF layer approximately 2.5 µm thick. Point 2 is taken from a dark particle 
within the coating, and is seen to be rich in zirconia. Typically, zirconia is not used in friction materials, 
and as such is not found in FTF. It is likely that this will have come from the zirconia balls from milling 
of the alumina particles during coating preparation. 
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7.4. Cross-Section Sample C - Coating 2, After Complete Friction Testing on ID1 
 
The sample discussed here has been taken from the friction surface of the disc tested on ID1, with 
Coating 2, after completion of the entire test. The sample was removed from the centre of a wide section 
of FTF observed at the friction surface. 
 
Figure 7.11 – TEM image of cross-section sample C, taken from the friction surface after Bedding of Coating 2 disc, as tested on ID2. 
Regions A and B marked for identification 
 
The image in Figure 7.11 shows that Sample C has two distinct regions, as seen on Sample B, with the 
friction surface located at the right hand edge of the image, moving below the surface going from right to 
left through the image. As can be seen a large chunk has fallen from the lowermost section of the sample. 
This occurred during thinning and was unfortunately unavoidable. Region A is dark area towards the top 
of the sample, and Region B is a lighter region with multiple large grains up to 4 µm in size. 
As can be seen in Figure 7.12, Region A towards the top of the friction sample can be seen have a low 
volume of porosity, and to consist of a densely packed layer of sub-micron and nano-sized particles. 
There is a wide variation in contrast between each of the particles, indicating a variation in compounds 
present. At higher magnification it is clearer to observe that this FTF region can also be subdivided 
further with a lighter contrast layer of finer almost exclusively nano-sized particles at the friction surface. 
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Figure 7.12 – TEM images of Region A across the sample 
 
Figure 7.13 shows points in the FTF where various EDX spectra (1 – 8) have been taken to identify the 
elemental composition throughout Region A. Spectrum 1 shows that the region is comprised of many 
different elements, including the typical FTF such as iron, copper, zinc and magnesium, along with these 
aluminium, oxygen and phosphorous are also detected. Spectra 2, 3, and 4 show the progression of 
elements from the boundary between Region A and B through to near-friction surface, and show that at 
the boundary there is a strong presence of aluminium, oxygen, and some phosphorous along with iron, 
zinc and magnesium. The intensity of aluminium and phosphorous declines slightly as the points near the 
friction surface, but these elements are clearly present throughout this FTF layer. The outer lighter layer 
in this region is characterised by the EDX spectra at 5, showing that there is an increase in the proportion 
of phosphorous and aluminium here. Spectra 6, 7, and 8 all show peaks for aluminium and oxygen only, 
indicating that these are probably alumina particles. 
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Figure 7.13 – TEM image of Region A with EDX spectra taken from points 1 – 8 
 
 
   
Figure 7.14 – TEM image and EDX spectra 1, 2, and 3 from Region B 
 
Figure 7.14 shows a broad overview of Region B. The large grain in the centre of the image was 
identified in Figure 7.13-7 as being rich in aluminium and oxygen, and likewise the smaller grains 
throughout this region are the same (1). The EDX spectra in 2 and 3 are taken from some of the grey 
glassy phase surrounding these, and are detected as being rich in aluminium, oxygen and phosphorous. At 
the very bottom (top left corner of image) of the sample there is a coherent layer of material surrounding 
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several sub-micron sized particles, although the rest of the region appears to have many pores and holes 
formed indicating that the glassy phase has porosity throughout. 
The images in Figure 7.15 a) and b) show two joined (and slightly overlapping) areas in Region B. It 
shows the region to consist of many larger particles, particularly the large grain (5), which EDX spectra in 
1 and 5 show to be rich in aluminium and oxygen. Surrounding these particles is a glassy phase as seen 
on the other samples. Towards the bottom of the sample (farthest from the friction surface) at points 2 and 
3 the EDX spectra show these glassy areas to be rich in aluminium, phosphorous and oxygen. Point 4 is 
another region of glassy phase closer to the friction surface, but still consisting primarily of aluminium, 
oxygen, and phosphorous; there is also detected a presence of gallium, and these are presumed to be 
remnants from the FIB-TEM preparation thinning process. Points 6, 7, and 8 are all in the boundary 
between Region A and Region B. The EDX spectrum at 6 shows the same aluminium, oxygen and 
phosphorous, with a little additional zinc indicating that some FTF has transferred into the coating. Points 
7 and 8 in particular have a different appearance; they still retain some of the light grey glassy phase but 
also contain some darker patches indicating the presence of nano-particles. There is also visibly reduced 
porosity between the FTF particles nearer to the boundary. The spectra of 7 and 8 show an increase in 
additional elements such as zinc and iron, along with the aluminium, oxygen and phosphorous. This 
indicates, as with Sample B, that there is an intermediary layer forming with the coating, on top of which 
an FTF layer has subsequently formed, in this case to a consistent thickness of approximately 4.5 µm. 
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Figure 7.15 – TEM images a) and b) showing Region B at higher magnification with EDX spectra for points 1 – 8 
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8. Discussion 
 
 
The research has shown some interesting highlights in both the performance of the coatings, and the 
characterisation of the friction surfaces of the full size discs. Figure 8.1 is a summary table which 
highlights values of the coefficient of friction and notes on friction surface observations from across the 
four full size tests, on both full size friction dynamometers. Fitting this information into a short 
summative table is a challenge with any complex dataset and testing matrix; the values shown are the start 
and end values for each section or segment, excepting the Railway Friction values which highlight the 
start and peak friction values from the section. These values have been chosen in order to simplify this 
table so that it is easy for the reader to digest, whilst still gaining a good understanding and overall 
impression for the friction level for that material at that section in the test. As can be observed from the 
table, this does not show the general trends of friction performance within each section, such as overall 
stability or consistency of friction performance, and as such the table shown is to be considered as 
summative only, and for a more thorough understanding the reader must refer to the relevant results 
chapter. 
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Bedding & Speed/Pressure 
Sensitivity 
Wet Friction & Wet Friction 
Recovery 
High Temperature Performance High Speed Performance Railway Friction 
Coefficient 
of Friction 
Friction Surface 
Observations 
Coefficient 
of Friction 
Friction Surface 
Observations 
Coefficient 
of Friction 
Friction Surface 
Observations 
Coefficient 
of Friction 
Friction Surface 
Observations 
Coefficient of 
Friction 
S
ta
n
d
a
rd
 
ID1 0.21 - 0.35 FTF formation in 
small packets, not 
successful across 
surface. 
0.24 – 0.40 
Not much FTF 
evident after  wet 
friction, wet friction 
recovery, or repeat 
wet. 
0.41 – 0.46 
0.50 – 0.54 
FTF mostly well 
consolidated some 
poorly consolidated. 
FTF inbetween Cf 
bundles. 
n/a 
Widespread FTF 
across friction 
surface. Some 
porous, some well 
consolidated. 
0.50 – 0.85 
Friction rising and 
falling sharply. 
ID2 0.20 - 0.39 
0.12 – 0.09 
0.20 – 0.30 
0.19 – 0.19 
0.32 – 0.40 
0.45 – 0.42 
0.25 – 0.58 n/a 
C
o
a
ti
n
g
 1
 
ID1 n/a 
Improved FTF 
formation. Some 
smearing. Some 
evidence of Coating 
within FTF, but most 
removed. 
n/a 
Much FTF removed 
during wet friction. 
Some signs of 
coating and FTF. 
FTF redeposited 
during recovery. 
n/a 
Good FTF 
deposition, some 
smeared, bridging 
across Cf regions. 
Evidence of Coating 
within FTF. 
n/a 
Widespread FTF 
across friction 
surface. Broadly 
similar to Standard 
material.  
n/a 
ID2 0.30 – 0.45 
0.16 – 0.12 
0.22 – 0.32 
0.21 – 0.21 
0.34 – 0.45 
0.55 – 0.50 
0.28 – 0.58 n/a 
C
o
a
ti
n
g
 2
 ID1 0.28 – 0.39 
Some FTF formation, 
generally in between 
Cf bundles. Some 
evidence of Coating 
within FTF, but most 
removed. 
0.25 – 0.50 
Much FTF removed, 
some FTF remained. 
FTF recovered very 
well, with smearing 
evident. Much 
coating evident after 
repeat wet. 
0.43 – 0.46 
0.47 – 0.50 
Some FTF evident, 
particularly in 
ceramic regions. Not 
in Cf regions 
(visible). No obvious 
signs of Coating. 
n/a 
Widespread FTF 
across almost entire 
friction surface. 
Broadly similar to 
Standard 
material.FTF holes 
expose Cf regions. 
0.50 – 0.85 
Friction very stable at 
low and high 
pressure, rising at 
medium pressure. 
ID2 0.32 – 0.38 
0.16 – 0.18 
0.22 – 0.30 
0.18 – 0.20 
0.38 – 0.42 
0.49 – 0.44 
0.30 – 0.60 n/a 
C
o
a
ti
n
g
 3
 ID1 0.26 – 0.39 
Not much FTF 
evident under OM. 
SEM shows smeared 
FTF with evidence of 
some Coating, 
although most 
removed. 
0.27 – 0.55 
Much FTF removed 
during wet, some 
FTF remained. Some 
Coating evident. 
Good FTF recovery, 
with evidence of 
Coating within FTF. 
0.44 – 0.50 
0.52 – 0.51 
Good FTF, but 
primarily not on Cf 
regions. Some 
evidence of Coating 
present within FTF. 
n/a Widespread FTF 
across friction 
surface. Broadly 
similar to Standard 
material. 
0.50 – 0.85 
Improved stability, 
some variation during 
snubs. 
ID2 0.20 – 0.41 
0.16 – 0.10 
0.22 – 0.31 
0.19 – 0.18 
0.30 – 0.41 
0.40 – 0.44 
0.28 – 0.53 n/a 
Figure 8.1 – Summary of friction testing results and friction surface observations. The coefficient of friction values shown are the start and end values for each section. The wet friction values 
from ID2 show those from the start and finish of the first wet, recovery, and repeat wet friction sections, respectively. The values for High Temperature are from the beginning and end of each 
section, respectively. The Railway Friction values are the start and peak values throughout the section. The friction surface observations are based on those from ID2, as ID1 was only observed 
after the full test had been completed. 
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There are some limitations to the study conducted. The most significant of these is that only one full size 
disc was tested per full size dynamometer test for each coating and as such repeat testing was not 
conducted, nor on the small scale samples. This was due to a combination of material, time, and financial 
constraints within the larger project which this PhD formed part of. In terms of material restrictions, due 
to manufacturing timescales and expense there was only a limited supply of Cf/C-SiC material available. 
It also became apparent around 12-14 months into the research project that the samples (from which the 
small scale discs were prepared) had been supplied from the ‘spares bin’.  his is entirely understandable, 
it was spare material and as such a no cost option for the project. Unfortunately, this meant that the 
materials used throughout this early stage of coating formulation development were of an unknown 
origin. Without this information, it was unclear as to what treatments had or had not been applied to the 
supplied materials which had been tested and as a result the majority of the testing during this period can 
be considered indicative and inconclusive at best, as the original material and surface conditions are 
unknown. 
As this was discovered so late into the PhD and the overall project, in order to keep within the projected 
plan, several coatings were tested on known small scale samples and of those the more successful ones 
were put forward immediately for full size testing (Coatings 1, 2, and 3) on both of the full size friction 
dynamometers, with these results discussed throughout this thesis. Under more idealised research 
conditions, more examination and repeat testing would have been conducted at the small scale before 
applying the coatings to the full size discs. Preparing the coatings, coatings the discs, conducting this 
testing, and characterising the core samples taken from these was the bulk of the research work conducted 
during the remaining time of the project and PhD. Repeat testing of each coating on the full size discs was 
not conducted as this was considered outside of the scope of the larger project, and would have added 
considerable expense to the project, and diverted time from other research avenues being conducted in 
parallel. It was always considered that should a coating prove interesting to the sponsor organisations 
involved, then repeat testing, along with consideration and evaluation of other friction characteristics and 
issues such as noise, vibration and harshness (NVH), and on-vehicle testing, would be subject to further 
work beyond the project. 
Whilst repeat testing was not conducted, full size testing of alternative iterations within the scope of the 
larger project were conducted in parallel, including post manufacture treatments of the Cf/C-SiC 
materials and alternative pad formulations. As a result, some of the coatings discussed here were tested as 
part of these evaluations. When tested against a different set of pads, both Coatings 2 and 3 performed 
better than the standard material, showing the same step improvement in friction performance (Coating 1 
was not evaluated), likewise, with different disc post manufacture treatments, Coating 1 showed the same 
step improvement in comparison with the non-coated discs. Repeat testing was conducted of the Coating 
2 and Coating 3 tested discs on ID1, by running the tests with the as-tested discs for a second and third 
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run each, in order to evaluate any longevity effects of the coatings. Although the results from these tests 
have not been included in this thesis, the datasets show very much consistent performance with the first 
test run of each disc. Throughout all of these tests, the commonly observed theme is a small step 
improvement in friction performance of the coated discs, when compared with the Standard Material. It is 
anticipated that some of these additional test results will be published, along with further detailed 
characterisation of the friction surfaces in the near future. 
Other limitations to the study arise from a lack of testing of other coating types, or depositions using other 
techniques. This second point is important, as one of the sources of error within the project is an 
inaccurate control over the coating thickness as applied to each disc. This could easily be resolved by 
using a process such as doctor blading to ensure the coatings are of even thickness across the disc 
surfaces. Regardless, as seen in testing, the uppermost layer of the coating is removed during the initial 
friction stops and so any slight variation in thickness will have had little effect on the results presented, 
but this is worth resolving for future study. 
 
Throughout the all of the tests conducted on ID1 and ID2, a link between friction performance and FTF 
development can be observed. On the Standard material there are some initial signs of FTF deposition and 
formation, but these are infrequent, and are typically only found in the ceramic regions, and where found 
these are typically poorly consolidated. This poor development of FTF is reflected in the friction testing 
data; through Bedding, the coefficient of friction is slow to rise, but has some apparent stability around 
0.35-0.39 with poor friction stability seen through differing friction conditions. Wet Friction removes 
almost all of any FTF which had formed, and the friction performance falls dramatically over that seen in 
dry conditions. The subsequent dry coefficient of friction also begins very low, and Recovery on both 
Standard material samples is slow to reach values seen prior to Wet Friction, with some regions of the 
surface showing signs of FTF development, but a general layer is not developed. 
Under High Speed and High Temperature conditions the coefficient of friction increases markedly with 
some improved stability also, but this does fade towards the end of the section indicating that longevity of 
High Temperature Performance on the Standard material isn’t good (on ID1). ID  shows a trend for a 
falling coefficient of friction in the first segment and a rising coefficient of friction in the second, 
indicating little consistency at high temperatures. When at normal operating temperatures afterwards 
(such as during the Characteristic segments) the friction level has improved and shows some improved 
stability also. Looking at the microstructure afterwards a large scale of FTF has deposited well across the 
surface. During subsequent Wet Friction the coefficient of friction drops dramatically as seen before 
(although improved), and much of the FTF has been removed with any remaining FTF present in greater 
quantities than seen previously. As the FTF is removed during Wet Friction, the surface becomes visibly 
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damaged where FTF or previous substrate material may have been dislodged, and there is typically a 
general spread of loose wear debris across the surface. Under constant pressure conditions the friction 
performance can be seen to vary by rising and falling significantly with temperature (railway simulation 
on ID1). 
Throughout the Standard material testing, FTF tends to form in the closely packed ceramic regions with 
some good success and a good level of consolidation achievable, but this is not typical. There is little to 
no deposition observed on the carbon fibre regions, excepting where the carbon or carbon fibres have 
been damaged and dislodged, removing a segment from the surface and leaving a void which can be filled 
with FTF. At high temperatures also, it can be seen that FTF spreads across some carbon fibre regions to 
join ceramic region based FTF together. This would indicate that the FTF requires a reinforcing structure 
to enable it to deposit and consolidate successfully. Evidence that the FTF is largely removed during wet 
friction indicates that the FTF which does form, even the very well consolidated regions, displays little 
bonding with the substrate and so is removed easily. The FTF itself is predominantly formed from 
oxygen, iron, copper and zinc, and noticeably the zinc proportion increases greatly under high 
temperature conditions. 
 
In comparison, throughout the testing Coating 1 has shown a trend for a step improvement in the 
coefficient of friction of approximately 0.05. Initial friction appears to begin at a higher value (although 
issues with the data logger mean this is inconclusive), and continues this trend through the test with 
improved Bedding (reduced variation and higher level), and improved Speed/Pressure Sensitivity. Under 
Wet Friction conditions, the coefficient of friction is more consistent and higher than the Standard 
material, but still exhibits the extensive fall in friction. The subsequent initial dry coefficient of friction is 
higher and rises quickly to pre-wet friction values. Through the High Temperature testing the coefficient 
of friction is higher and has remained more stable, particularly in the second High Temperature segments 
where the friction level is almost flat. The High Speed Performance is very similar to that seen on the 
Standard material, excepting the initial friction performance in which the coefficient of friction rises 
quickly and to a higher level, after the prior Repeat Wet Friction section, this would indicate improved 
wet friction recovery, as seen earlier in these tests. 
In conjunction with this improved friction performance, there has also been an observed improvement in 
FTF formation across the friction surface than seen on the Standard material. The primary formations still 
appear in the ceramic regions of the surface, with some signs that this also spreads across the carbon fibre 
regions under normal friction conditions (not seen on Standard material). A lot of the FTF material is still 
lost during Wet Friction, but there are observed deposits still present, and the re-formation of FTF is very 
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much improved during the dry recovery phases. The FTF also appears to be better consolidated and 
exhibits a less crumbly, porous nature with less visible voids or holes. 
There are highlighted regions seen throughout the characterisation of samples from almost all stages of 
testing that are not found on the Standard material. EDX spectra and mapping shows these regions to be 
rich in FTF materials such as iron, copper and zinc (as seen on the Standard material) whilst also 
detecting regions of aluminium, oxygen, and phosphorous overlapping. This indicates that small pockets 
of the coating still exist at the friction surface, although the general surface coverage from the application 
of the coating prior to friction has been removed. Some of these regions appear to be surrounded by 
silicon or silicon carbide indicating that these are potentially shallow voids in the ceramic regions which 
have been filled by the Coating. 
 
Similarly, the friction performance of Coating 2 shows improvement over the Standard material in several 
ways. The initial coefficient of friction through Bedding on both tests is very high compared with 
Standard, and remains higher throughout the Bedding section with the variations in the coefficient of 
friction seen on ID2 reduced in voracity, indicating improved stability. As with Coating 1 the Speed 
Sensitivity is improved also, and the Pressure Sensitivity shows good consistency throughout. The 
coefficient of friction during Wet Friction performance is higher than seen on the Standard material for 
both sections, with excellent recovery shown on ID1. The Post-Wet Recovery on ID2 is not as good as 
that seen with Coating 1, and is similar to that seen with the Standard material. The Repeat Wet Friction 
is also similar to that seen on the Standard material. The High Temperature Performance of Coating 2 is 
excellent, showing great stability through the High Temperature fade sections on both tests. ID2 also 
shows improved Post-Wet Friction Recovery, and high temperature stability and friction level through the 
High Speed Fade sections. On ID1, the performance on the Railway Simulation is excellent also, 
particularly at low pressures, with very little fluctuation in coefficient of friction compared with the 
Standard material and either Coating’s 1 or 3. 
It is difficult to correlate this with the friction surface; through much of the early testing where friction 
performance is high and stable, the characterisation shows that although there is more FTF deposited than 
seen on the Standard material, it has not been as successful as the data might suggest. These core samples 
appear to be from predominantly carbon fibre regions, as opposed to the typical combination of carbon 
fibre and ceramic region samples seen elsewhere. As has been evident from other testing FTF does 
struggle to deposit on the carbon fibre regions, and as such this could be one explanation for the 
contradictory nature of the evidence. SEM images does show some evidence of the FTF which has 
deposited, smearing across the carbon fibre regions as seen on Coating 1, which would suggest there is 
some successful deposition occurring. Throughout the later sections of the test the FTF deposition 
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improves further and a well consolidated layer can be seen to have formed across much of the friction 
surface. 
There is little evidence of the coating existing at the friction surface after friction during the early core 
samples from ID2. Later core samples showing the ceramic regions do exhibit large regions of what is 
strongly suspected based on the evidence to be the original coating, with FTF materials deposited in and 
around them; this is particularly evident after the Repeat Wet Friction section indicating that this coating 
also has good wet friction retention (i.e. it is not dislodged easily unlike Standard FTF). Overall the 
indication is that this coating is not remaining at the friction surface as broadly as anticipated as also seen 
with Coating 1, but is very stable in amongst the ceramic regions. On ID1, the EDX mapping shows that 
there are signs of Coating 2 still present at the friction surface, and that this has remained in the voids 
surrounding the ceramic regions. The mapping in this situation indicates a small amount is present, 
however, and as such this cannot be considered conclusive evidence that the coating has remained 
throughout the entire test. 
The presence of the coating does not appear to have an effect on the elements present in the formed FTF, 
with the commonly found elements such as iron, copper and zinc still present. After the High Speed Fade 
there is also a high proportion of zinc deposited, as observed on the Standard material also. 
 
The friction performance for Coating 3 generally shows an improvement over the Standard material in 
terms of coefficient of friction values attained and stability. On ID1, the Bedding section shows a step 
increase in friction performance over the Standard material with higher values of coefficient of friction 
reached in the same number of applications, and less in-snub coefficient of friction variation than seen on 
the Standard material. Throughout ID2, however, the Bedding performance initially is largely similar to 
that seen on the Standard disc, with a low initial coefficient of friction and several snubs needed before 
friction rises. At the end of the Green segment and through Bedding and in the Characteristic segments, 
however, the coefficient of friction is higher and more stable than Standard. 
Through the Sensitivity series the coefficient of friction exhibits a trend to show good stability, with a 
slight decay in friction, with increasing speed. Pressure sensitivity appears to be good, but exhibits 
different trends with a rising and falling coefficient of friction shape with increasing pressure (as seen on 
the Standard material) on ID1, and a falling coefficient of friction on ID2. In both situations the friction 
level is slightly higher and more stable throughout. Through Wet Friction the performance for both is 
better than Standard with higher coefficient of friction values and quicker recovery; on ID1 the recovery 
in particular is excellent. Repeat Wet on ID2 was largely similar to that seen on Standard. The High 
Temperature performance shows a trend to fade with consistent high temperatures on both tests, with this 
improving on the Repeat High Temperature Fade on ID2 to become very stable and an improvement on 
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Standard. Through the High Speed Fade the friction performance is similar but more stable throughout 
the segments with a slight increase in the coefficient of friction also. The Railway Performance showed 
largely similar behaviour to Standard excepting for the low pressure stop where Coating 3 showed greatly 
improved stability, although not as significant as seen on Coating 2. 
Correlating this with the friction surface, on ID1 the friction surface shows a well deposited FTF across 
the friction surface, with some evidence that the coating still remains on the surface after testing. 
Considering this is directly after the final Wet Friction and Wet Friction Recovery section, with excellent 
friction performance, the friction surface FTF recovery is exceptional. Throughout the testing conducted 
on ID2 the friction surface has shown good signs of stable FTF deposition, with a good level of 
consolidation. There are clear signs that wear debris from the friction surface is being retained within the 
FTF (as evidenced with Cf segments) and the FTF development after Post-Wet Friction Recovery is also 
excellent. After the High Temperature and High Speed Fade testing there is a broad FTF seen covering 
the friction surface as seen on all other tests, but there is limited evidence of the coating observed at this 
stage. 
It is clear that again the coating has generally been removed from the friction surface during the initial 
friction snubs, but the core samples from ID2 in particular indicate good signs that the coating still 
remains on the surface throughout testing, with good depositions of FTF on or around the same regions. 
Typically, these are observed to occur in the ceramic regions again, as seen with the other tests. In some 
of the samples the EDX mapping shows that the coating potentially exists below the developed FTF, 
filling in the voids at the surface which otherwise would not have seen deposition, and the regions where 
the coating does remain show signs of large segments of wear debris collected from the friction surface 
and retained. 
 
Considering the TEM analysis conducted, Sample A taken from a carbon fibre – carbon region of the 
substrate, adjacent to an FTF region, shows that the formed FTF is comprised of sub-micron and nano-
sized particulates. On this sample, this is sitting on top of a region of aluminium and oxygen rich 
particles, assumed to be alumina, with each particle surrounded by a smooth grey glassy phase rich in 
aluminium, oxygen, and phosphorous. Given the evidenced elemental constituents and the known 
constituents of the coating, it is reasonable to assume that this region is part of the original coating. 
The coating region sits adjacent to a pyrolysed carbon region, and on top of a silicon carbide particle. 
This would indicate that the coating has deposited and remained within a void originally at the surface. 
EDX spectra from the sample shows that the FTF contains a small amount of aluminium and 
phosphorous, which are not commonly found in the FTF on Cf/C-SiC 
[38]
, potentially indicating that this 
binder region has integrated with the FTF. Likewise, there is some evidence of FTF elements found 
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within the upper regions of the coating. Closer examination of the pyrolysed carbon regions identified 
numerous micro cracks which had formed within the region, several of which had become interconnected 
to create loose fragments. Interestingly, the binder region is observed to adhere to the pyrolysed carbon 
region well – exhibited by the “necking” seen in Figure 7.6 b). This binder region has potentially softened 
with localised high temperatures seen during friction 
[52]
, and has filled the cracks surrounding the 
pyrolysed carbon, and encapsulated the loose fragments. This has in turn meant that any further damage 
to the pyrolysed carbon is restricted, and as such the carbon fibre is further protected from damage due to 
friction. Caution should be exercised with this, it is uncertain from the images alone that this has occurred 
and further characterisation would be required to support this assumption fully.  
Using the same core sample as Sample A, taken from Bedding on ID2, Sample B is from a cross-section 
through a large region of observed FTF at the friction surface. What is observed from the cross-section is 
that the identified FTF layer consists of a thin layer with a combination of well consolidated sub-micron 
and nano-sized particles. There is some evidence that the FTF also contains some aluminium and 
phosphorous. Below the thin FTF layer are a series if particles all <3 µm in size, surrounded by a smooth 
grey phase, identified by EDX to be rich in aluminium, oxygen and phosphorous. This is strong evidence 
to suggest that this region is part of the original coating, and that the entire FTF layer is built on top of 
this region. Closer examination of the boundary between the FTF and the coating regions showed that an 
intermediary layer was formed comprised of a mixture of nano-sized wear particles and coating. This 
indicates that the FTF wear debris was captured by the binder region of the coating during friction. At one 
region in the FTF there is a crack observed from the friction surface through to the coating below, which 
indicates good bonding between the two layers. 
Sample C is taken from a Coating 2 sample after complete friction testing on ID1. Immediately 
observable is a very thick FTF layer across the entire sample, with multiple spectra showing this consists 
of typical FTF elements such as iron, magnesium and zinc, confirming this to be FTF. There is also 
strong evidence for an even spread of aluminium and phosphorous throughout the FTF layer from taking 
EDX spectra at varying points from top to bottom, and from side to side. Closer inspection of the FTF 
layer reveals to be comprised of a mix of sub-micron and nano-sized particles, with a fine layer of nano-
sized particles on top, which EDX spectra confirm to be richer in phosphorous than the primary FTF 
layer. 
Immediately below the FTF is a lighter region consisting of several large particles, spread across the 
entire region. The particles are surrounded by the same smooth grey glassy phase identified as probably 
being the binder phase from EDX spectra. There is large volume of porosity, however indicating that this 
region may have had lots of porosity when deposited. Closer examination of the boundary between the 
layers confirms the existence of a thin intermediary layer, as seen on Sample B (and slightly evidenced on 
Sample A). This is interspersed coating binder, and nano-sized friction debris. This sample provides very 
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strong evidence that the applied coating is still present after a complete testing cycle from ID1, indicating 
good longevity and stability of the coatings through a wide variety of conditions. 
 
These cross-section samples taken from the friction surface reinforce the previous strong evidence from 
EDX mapping of the friction surface, for the existence of the Coating 1 and Coating 2 after Bedding 
(ID2) and after complete friction testing (ID1). TEM characterisation for Coating 3 was still being 
conducted at the time of compiling this thesis and the work not conclusive enough for inclusion. 
Furthermore, the evidence shows that FTF layers can form on top of these coating regions, and interact 
with the coating to form an intermediary layer, bonding the two layers together. All three TEM samples 
indicate that the coating fills the holes in the surface, as opposed to acting as a free-standing structure on 
top of the substrate. From these samples it is not possible to know the interaction between the silicon or 
silicon carbide regions of the substrate and the coating or F F layers as they simply aren’t part of the 
samples.  hey also don’t provide any evidence of the additives in the coating being present either. Further 
TEM work would need to be conducted to understand this. 
 
Throughout all testing conducted, the behaviour of FTF development across the Standard material follows 
the modes described in the literature, whereby typically very little Type I formation occurs with the 
predominant formations being a combination of Types II in and around the ceramic and carbon fibre 
regions, and Type III in the large voids at the substrate 
[17]
. 
The behaviour of the Coatings, however, has not been wholly as designed or expected. Figure 8.2 shows a 
not to scale representation of an anticipated cross section through the friction surface of a coated Cf/C-
SiC disc, a) before friction testing, and b) after friction testing, as originally intended at the outset of the 
study using the phosphate bonded ceramic based coatings. The images both show a Cf/C-SiC surface as 
the substrate (black), generally flat but with some varying sized valleys at the surface. These valleys have 
been filled by the coating (light grey colour), which has also been deposited to form a layer of coating 
spreading across the entire surface. 
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Figure 8.2 – Representation of the cross-section of the intended or proposed friction surface of the coated Cf/C-SiC discs, a) before friction 
testing, and b) after friction testing. (Not to scale) 
 
The intended aim of the coating at the outset of the research was to act as an intermediate layer for the 
FTF, comprised of wear debris primarily from the pad, to bond with, thus giving the FTF a consistent 
surface to build up on.. This would then enable the FTF to form a layer (dark grey) above the substrate 
and across the entire friction surface, as seen in the after friction image in Figure 8.2 b). This layer is the 
anticipated FTF layer, spread homogenously across the friction surface, with a pad sliding across the top 
of this uppermost FTF layer in the direction shown. This consistent homogenous FTF layer, once formed 
during bedding, would then provide an improved, consistent, and predictable friction performance 
through the life of the friction couple (until such a time as the FTF layer were removed). 
As seen in the results shown, this designed mechanism is not what has been observed to have occurred, 
with much of the friction surface visible indicating that the upper layer of the coating(s) has been 
removed during friction. 
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Figure 8.3 – Representation of the cross-section of the revised friction surface of the coated Cf/C-SiC discs, a) before friction testing, and b) 
after friction testing. (Not to scale) 
 
Figure 8.3 shows a not to scale representation of a cross section through the friction surface of the coated 
Cf/C-SiC discs a) before friction testing and b) after friction testing. This is different from Figure 8.2, as 
this is revised from the predicted behaviours of the coatings at the friction surface, based upon 
observations made during this research (as described). As with Figure 8.2, the Cf/C-SiC disc is shown as 
the substrate layer (black) which has been coated (light grey). During friction, as the pad has swept across 
the surface, and as evidenced, the upper layer of coating has been removed. This happens within the first 
section of braking (during the Bedding section). The regions of coating filling the voids at the friction 
surface have remained, however, which has enabled the wear debris from the pad to collect on top of the 
coating. This wear debris has gradually built up and formed together and as such has enabled the 
development of the FTF in discrete locations across the disc surface. 
 
As has been evidenced by the visibility of the surface structures, such as Cf bundles, throughout, much of 
the upper layer of the original coatings has been removed during friction and no longer covers the friction 
surface. What has been established and remains at the friction surface is evidently very resistant to 
removal via friction even under extremes of temperature or environmental conditions. 
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The portion of the coatings which filled the voids and pores at the friction surface during application has 
remained, including some of the shallower voids. On the Standard material these voids would have 
otherwise remained empty, and as such their interaction or influence during friction would be minimal, 
with at best a deformation type friction mechanism occurring. As the softer pad passes over a large void, 
it may flex sufficiently for the leading edge of the pad to catch the lip of the opposite side of the void. 
This contact would add another minor component to friction. The voids, especially the larger ones will 
remain empty until such a time as wear debris had consolidated enough of its own accord to form an FTF. 
This would only occur on the smaller voids.  
On the coated discs however, the coatings having filled these holes have thus allowed the pad to interact 
against more friction surface in the first instance, increasing the effects of both adhesion friction and 
deformation friction in comparison to the otherwise empty voids. As wear debris has developed, this has 
collected amongst and bonded to the coating regions forming an intermediary layer. TEM analysis has 
shown that this intermediary layer has then subsequently acted as a deposition region for further wear 
debris, forming an FTF. This intermediary layer comprised of both coating and wear debris which has 
formed between the coatings and the FTF indicates that there is strong bonding between the two layers. 
Some of this FTF is very well deposited and has spread across the substrate, bridging the gaps between 
FTF regions. This overall increase in the coverage of FTF across the friction surface is responsible for the 
improvements seen in the friction testing data. 
Under wet friction, much of this upper layer of FTF has been removed on the coating regions, but the 
intermediary layer containing a small amount of wear debris (such as copper deposits as evident from OM 
and SEM analysis) is understood to still remain. This indicates that once dry friction conditions return, the 
new wear debris will be able to form easily on the remaining intermediary layer, and rapidly re-form a 
successful FTF, without relying on brazing of copper and silicon as with the Standard material. This 
situation is reflected in the OM and SEM images seen throughout the research, and is likewise reflected in 
the data with an improvement in Post-Wet Friction Recovery. Furthermore, there is also a notable 
increase in Wet Friction for all of the coatings, and this could potentially be attributable to two 
mechanisms, the first being the increased quantity of friction surface to act against (from the filled holes), 
and the second being an increased portion of abrasive or deformation friction owing to the ceramic 
particles found within the coating shown to be protruding from the upper surface. 
If, there were no coatings available, and the researcher wished to increase the proportion of friction 
surface interacting with the pad, in order to improve friction performance, this could be achieved by 
removing all pores and voids. However, there would be no place for the FTF to develop and a stable 
friction performance would not be achievable, as evidenced by Wang 
[17][18]
. Likewise, if the pores were 
machined to a controlled state so as to encourage FTF formation more readily across the surface, without 
bonding to the substrate any FTF will easily be removed, as seen under Wet Friction conditions, and 
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would require subsequent re-bedding or friction recovery. As shown in the work by Wang the bonding 
with the substrate on the standard material only occurs by the brazing of copper from the pads with 
silicon from the disc. It is from this initial brazing which the additional FTF materials can begin to 
deposit, and without this initial bonding, the FTF has no stable connection with the substrate on the 
Standard materials 
[38]
. 
Filling the voids at the friction surface with coatings and depositing FTF has a likely secondary effect of 
reinforcing the ceramic peaks, through reducing the pressure applied to the ceramic peaks in the substrate, 
by spreading any applied force over a larger area (including coating and FTF). This issue was highlighted 
for the Standard materials by Wang, as evidenced from their TEM characterisation showing that micro-
cracks were forming in the silicon carbide regions. These micro-cracks lead to fracture, thus undermining 
any successful FTF formation on top of the silicon carbide regions (Type II). This is known as 
microscopic sliding fatigue wear, and the reduction in the applied loads at the micro-cracks will likely 
mean these can resist fracture for longer. No TEM from silicon carbide regions has been studied as part of 
this research, but it is reasonably assumed that by reinforcing the silicon carbide peaks with the coating, 
and an improved deposited FTF, this can thus protect them from damage, improving the longevity of the 
substrate. 
The additives used in the coatings have shown some improved friction performance also, the boron 
carbide additive in particular has helped to improve the level of friction and the stability of friction 
particularly under high temperature conditions. 
As Godet remarked, stable friction can be expected if a) there is enough FTF at the interface, and b) if the 
FTF does not change structure 
[24]
. In this research the coating has enabled improved FTF formation, and 
as a result has enabled the improved stability in friction. As a result there is a more consistent friction 
surface for the pad to act against, with either the coating in the initial friction stops, or the deposited FTF 
in subsequent stops, rather than the holes and voids which would have otherwise been present. With the 
presence of the ceramic particles in the coating, it is also probable that there is a strong element of 
increased abrasive friction occurring, and there is strong evidence seen in the data such as the 
improvement in Wet Friction performance for all of the Coatings which would support this theory. 
Furthermore, EDX spectra has also indicated strong presence of phosphorous within the depositing FTF, 
which indicates that the deposited FTF could also exhibit better bonding than that seen on the Standard 
material. This could imply that the shear resistance of the FTF on the coated discs may be improved, and 
as such be one reason for the improved friction performance. Considering the FTF observed throughout 
characterisation, that found on the coated discs tended to exhibit an improved smeared nature when 
compared with the Standard material which would support this idea. A detailed study into the mechanics 
of the formed FTF at ambient and operational friction temperatures would be required to establish this as 
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false or correct, such as hardness and mechanical property evaluation from nano-indentation or nano-
scratch testing. 
An improvement in friction performance has been observed, and this is understood to be due to only a 
small volume of the original coating remaining, found to survive in voids at the friction surface. As 
discussed in the introduction and above, the use of mechanical modifications alone to improve the long 
term stability of the FTF at the friction surface is understood to be an unsuitable method. By combining 
the two methods of chemical and mechanical modification together, however, the improvements in 
friction performance and its stability could be significant. 
 
 
Figure 8.4 – Representation of the anticipated friction surface formed on an improved, topographically customised, and coated Cf/C-SiC 
disc, a) before friction testing, and b) after friction testing. (Not to scale) 
 
Figure 8.4 shows a representation of a cross section through the friction surface a) before and b) after 
friction testing, as anticipated based upon a combined mechanical and chemical modification to the 
friction surface. Looking at the Cf/C-SiC disc (black region) the pores and voids observed before are now 
of improved regularity in both dimension and spacing between them, this surface has been 
topographically customised. This has allowed the deposition of the coating (light grey) more 
homogenously in these voids across the friction surface. By introducing these controlled voids at the 
friction surface, from milling, shot peening, or grinding, (for example) and then subsequently coating the 
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friction surface with the chemically bonded phosphate ceramic, it is anticipated that these closely located 
and homogenously spread voids or pockets filled with coating will act as FTF deposition points. The FTF 
would form deposits successfully in these regions, and as shown in the research, spread between the 
regions to form a homogenous FTF (dark grey) across the surface. Doing so would thus provide the 
constant thin film as described by Godet, and thus further improve friction performance and stability 
throughout all sections of testing. 
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9. Concluding Remarks 
 
 
This research has successfully shown that applying a selected coating to the surface of a Cf/C-SiC brake 
disc can improve the deposition and formation of a friction transfer film (FTF) across the surface under 
friction conditions. The coating used throughout this research was based on an aluminium phosphate 
bonded alumina ceramic, originally developed as an alternative manufacturing method for producing bulk 
alumina components. 
Through characterisation of the friction surface of the Standard and Coated Cf/C-SiC discs after friction 
testing, it has been shown that the coating is still present in discrete locations across the surface, and 
where present a FTF layer has typically formed on and around this coating. As such this has subsequently 
improved the distribution of the FTF across the friction surface as a whole (when compared with an 
uncoated Standard Cf/C-SiC disc), and this is reflected in the friction data which shows an increase in the 
coefficient of friction and/or the stability of said coefficient of friction. As there is a lack of repeat testing 
as part of this research it should not be taken from this research that the addition of these coatings will 
add a specific and determined, quantifiable improvement in the coefficient of friction for a Cf/C-SiC 
brake disc. In order to determine any specific improvement gained from these coatings a thorough testing 
regime would need to be conducted, with increased number of test samples (e.g. a minimum of 5 samples 
for each coating type would be recommended), with specifically controlled pre-friction surfaces. 
The constituents of the formulations were tailored to enable successful deposition and bonding with the 
substrate materials. Microstructural analysis has revealed that some of the coating has remained at the 
friction surface throughout the extreme testing it was subjected to, which supports this conclusion. 
Through methodical microstructural analysis of the friction surfaces after key phases in testing, a 
corresponding link has been shown between the successful formation of a stable FTF at the friction 
surface and improved friction level, and improved friction stability under different conditions; in 
particular through Bedding, Wet and Wet Friction Recovery, and in the case of Coating 2, High 
Temperature stability. 
Furthermore, the OM and SEM images shows an improvement in FTF formation at the friction surface on 
coated samples particularly in regions where the coating is still present. This identification of the coating 
has been carried out by EDX mapping, which indicates strong evidence of coating regions still evident 
within and below FTF regions, particularly evident after Wet Friction when they have been revealed by 
the removal of the upper deposited FTF. 
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The upper layer of the coating has been removed through friction, and as such the coating tends to be 
located in or around the ceramic regions of friction surface. The coating does not tend to be found across 
the Cf/C regions of the substrate. Some FTF is found across the Cf/C regions, which indicates that 
coverage on Cf/C regions is still highly dependent upon smearing from successfully formed FTF in 
ceramic regions. 
TEM characterisation shows that the formed FTF has deposited well on top of coating regions. An 
intermediary layer formed between coating and FTF comprising a mix of both, has been observed on 
several samples. Some of the TEM EDX spectra indicate that the phosphate binder is found to be present 
throughout the formed FTF. TEM images indicates that binder phase from the coating can protect 
substrate from damage by encapsulating fragments at the friction surface, thus improving longevity of 
friction performance. 
This analysis has proven that the deposited FTF has formed on or around coating regions found in the 
substrate and has readily bonded to these regions. This initial bonding has formed an intermediary layer at 
the upper surface of the coating, and subsequently has acted as a deposition zone for further wear debris. 
This has formed a reasonable and stable FTF layer, up to 4 µm thick, on top of the coating regions at the 
disc surface. This means that FTF has formed and bonded with the substrate without relying on copper 
brazing with silicon, as required and identified for the Standard materials. 
Further characterisation is required to find conclusive evidence to identify aluminium and oxygen rich 
grains as alumina, and to confirm the regions rich in aluminium, oxygen, and phosphorous as berlinite, 
(or a hydrate thereof) binder phase. Further characterisation, such as XRD, of the coatings prior to friction 
is also required to identify the exact phases which have formed in the cured coatings. This would help to 
understand any effects this has on friction further. 
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10. Recommendations for Future Work 
 
As mentioned in the Discussion section, the author would strongly suggest investigating the effects on 
friction and FTF formation across the friction surface by introducing controlled grooves or voids, which 
are then filled with the coatings tested, with the aim to produce a homogenous FTF across the friction 
surface. 
Further to this looking at the coating itself, this researcher has only been able to initiate a basic evaluation 
of suitable coating conditions and processing parameters, and as such there is clearly a large potential 
body of work in investigating improved formulation and coating deposition techniques. This should also 
include suitable characterisation of the original coating also to identify the exact phases formed. The 
inclusion of additives such as boron carbide and boric acid, although in small quantities, has had an effect 
upon the friction performance of the coating. Investigating this further, along with the use of further 
potential friction modifying additives could yield further benefits. Given the opportunity to conduct this 
research again, or for any further research in this area in the future, it is essential that the Cf/C-SiC (or 
other) material used for the disc is obtained from the same and known origin so that repeat testing can be 
conducted to ensure that results are not anomalous. 
In terms of this specific research output, there is much further work which can be conducted, in the first 
instance would be continuing the characterisation work from the TEM samples to confirm the 
constituents identified by EDX spectra from diffraction patterns also. The TEM samples used also didn’t 
include much to indicate the potential link between the silicon carbide or silicon regions of the substrate 
and the coating, and so this would be an area for potential future examinations. It is also worth continuing 
further evaluations of the other core samples by TEM analysis, particularly those after wet friction to 
identify the interaction between the coating and the substrate, and to identify any presence of the 
intermediary layer at this phase in testing. 
As mentioned in the conclusions also, phosphorous is found throughout the FTF layers and as such these 
are thought to be phosphate bonded. There is definite scope for work to verify this, and to subsequently 
identify the mechanical properties of these FTF regions from the coated discs and from the standard discs. 
This can then be correlated with the test data in order to identify what role (if any) this potential 
phosphate bonding of the FTF has had on friction performance compared with typical FTF. 
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